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Some trust in chariots and some in horses,  
but we trust in the name of the LORD our God.  
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Unless the LORD builds the house, the builders labor in vain.  
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This thesis presents a detailed study on organic solar cells with an inverted 
architecture. Inverted organic solar cells (IOSC) were utilized because it can 
significantly improve the device lifetime while maintaining comparable device 
performance. Three major aspects of inverted organic solar cell devices were 
studied: (1) Processability; (2) Practicality and; (3) Stability. Firstly, the long-
standing processability issue of inferior wettability of PEDOT:PSS on glass/ITO 
substrate was overcome by modifying the hole transport layer with a novel 
fluorosurfactant. Secondly, the light-soaking issue, which severely hinders the 
device practicality, was overcome by using chemical bath deposited fluorinated 
titanium dioxide (F-TiOx) electron transport layer as a key alternative to 
conventional sol-gel TiOx. Finally, with incorporation of various donor-acceptor 
materials other than the commonly used poly-3-hexylthiophene (P3HT), a 
systematic degradation study and the light-soaking characteristics of low-
bandgap benzodithiophene-thienothiophene based co-polymer and 
diketopyrrolopyrrole based small molecules were conducted on the modified 
IOSC devices. Ultimately, a solution-processed, light-soaking free, stable and 
high efficiency inverted organic solar cell was successfully achieved and reported 
in this thesis.  
xii 
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Chapter 1 Introduction 
1.1 Global energy situation and solar energy 
Fossil fuels such as coal, oil and natural gas are the major sources of energy 
generation in the world and in Singapore.[1, 2] The latest report from Enerdata 
indicates that the annual global energy consumption in 2014 is around 156000 
TWh, with the highest consumption being in the Asia region (Figure 1.1).[3] 
With these high consumptions, the continual dependence of the energy to the 
fossil fuels increases the emission of carbon dioxide (CO2). The global CO2 
emission has increased to a record of 35.3 Gt.[4] Though nuclear energy was 
previously adapted as an alternative energy source, it has serious environmental 
and safety issues. After several tragic events such as Chernobyl and Fukushima 
Daiichi disasters, the fear of using this technology was further escalated. Thus, 
other safer, cleaner energy sources such as solar and wind power were further 
emphasized. Despite the recent slump in the oil price by more than 50% from 
approximately US$100/barrel may strike fear on the future of renewable energies, 
these clean technologies are not expected to be negatively impacted by the event. 
In fact, it could even serve as a stimulus in the renewable sector because oil is 
mostly used in transportation and only rarely for electricity generation.[5] 
Furthermore, the cost of solar energy has been continually decreasing over the 
years; the levelised cost of electricity (LCOE) of solar photovoltaics, i.e. the net 
unit-cost of electricity over the lifetime of a solar system, has reached to as low 
as USD0.06/kWh in 2014 (Figure 1.2). As a result, the global solar market has 
been growing at about 30% annually. According to Greentech Media, the total 




and it is expected to grow to about 700 GW by 2020.[6] Among the installed 
solar PV, silicon wafer based solar cells dominates the market share with 90% 
and remaining market share by thin film solar cells.[7] According to Green et al., 
the record module efficiency of a crystalline silicon solar module with an area of 
780 cm2 is 22.9%.[8] With proper integration of the solar modules with an 
appropriate energy storage system, it will be feasible to supply baseload power, 
effectively replacing the conventional energy sources. 
 
Figure 1.1 Global energy consumption in the year of 2014, 1 Mtoe is equivalent to 





Figure 1.2 The levelised cost of electricity (LCOE) from utility-scale renewable 
technologies for 2010 and 2015. The size of the diameter of the circles represent the 
size of the respective project. The centre of each circle indicates the value for the 
cost of each project on the vertical axis. The data was adopted from International 
Renewable Energy Agency (IRENA).[9]  
Although significant improvements in the energy payback time, silicon 
used per watt and device efficiency have been achieved, the solar panels are 
opaque and heavy in weight. To maximize the absorption of sunlight, several 
hundred microns of p-n junction needs to be deposited. Such configuration makes 
the solar panel appears black, non-aesthetically pleasing and non-transparent, 
thus only limiting its use on the rooftops. Moreover, due to the entire finishing of 
a silicon solar panel, it is rigid and generally has a distributed weight of 
approximately 20 kg/m2. Furthermore, the manufacturing of the device requires 
energy-intensive processes such as high-temperature refining, high-vacuum 
deposition and involving hazardous chemicals such as silane and hydrofluoric 
acid.[10] These attributes limit their applications on areas such as building-




it is common to assume a negative temperature coefficient and a poor low-light 
performance under standard operating conditions. These properties would signify 
that solar cells will experience a decrease in the device efficiency as the 
temperature increases and also under diffused light conditions. Thus, it is 
important for researchers to develop a new type of device which could potentially 
overcome the abovementioned drawbacks, and opening up greater opportunities 
to widespread deployment on building facades and niche applications where 
conventional solar cells could not penetrate into. Organic solar cell is one of the 
types of solar cell which could fill this gap. 
1.2 A brief overview of organic solar cells  
1.2.1 Historical background and current status  
Organic solar cells (OSC) based on solution-processed semiconducting 
polymers have been a hot topic of research since the 1980s.[11, 12] The evolution 
of the OSC devices have started from single organic layer [11, 13], bi-layer 
planar heterojunction [14] and bulk heterojunction (BHJ)[15-17] designs. The 
first generation OSC adopts the structure of single organic layer sandwiched 
between two metal electrodes of different work functions. This type of device 
utilized the semiconducting properties of - conjugated semiconductor to 
generate charge carriers under illumination. The device efficiencies were 
generally poor, in the range of 0.0001 to 0.001% in the early days.[11] In 1986, a 
breakthrough in the OSC research was reported by Tang et al., who adopted a bi-
layer organic thin film design using copper phthalocyanine donor and a perylene 
tetracarboxylic derivative acceptor as the photoactive layer.[14] Through this 




improvements remained stagnant for some time, even after the use of conjugated 
polymers as photoactive layer. The underlying reason for this low efficiency is 
attributed to the high exciton binding energy of the charge carriers, which has an 
extremely short diffusion length.[18] Almost a decade later, a new device 
configuration known as bulk heterojunction (BHJ) was invented.[17] In this 
configuration, the donor (material that ‘donates’ electrons, analogous to p-type 
layer in conventional solar cells) and acceptor (material that ‘accepts’ electrons, 
analogous to n-type layer in conventional solar cells) materials were mixed 
intimately in a solution in a non-orderly fashion such that the interpenetrating 
network domains of donor-acceptor interface could reach lower than the exciton 
diffusion length in the material. By properly controlling the film morphology, the 
mixed materials form interpenetrated and bi-continuous networks. Using this 
design, further breakthrough of cell efficiency up to 3.0% was achieved using 
P3HT:PCBM in 2003 [19] and currently the world record efficiency with this 
device configuration is 10.8% using poly[(5,6-difluoro-2,1,3-benzothiadiazol-
4,7-diyl)-alt-(3,3’’’-di(2-octyldodecyl)-2,2’;5’,2’’;5’’,2’’’-quaterthiophen-5,5’’’-
diyl)] (PffBT4T-2OD) donor and thienyl-C71-butyric acid methyl ester (TC71BM) 
acceptor.[20]  
Organic solar cell presents several advantages over conventional inorganic 
counterparts: lightweight, flexible, semi-transparent, easy color-tuning, positive 
temperature coefficient, less energy intensive fabrication steps and sensitive to 
low-light condition.[21] As a result, it can be applied in several niche 
applications where it is not possible to use conventional silicon solar cells.[22] 




to be integrated easily onto a variety of surfaces such as fabrics, mobile 
electronics and windows. Apart from that, organic semiconductors, which have 
variety of colors, are also suitable for aesthetically significant application like 
BIPV. Furthermore, due to the nature of charge hopping transport in organic 
semiconductors, it has a positive temperature coefficient, i.e. device efficiency 
increases as the surrounding temperature gets higher. Most importantly, it also 
has a more superior performance in low-light (diffused-light) conditions[23, 24], 
which makes it suitable for indoor power generation. Therefore, without directly 
competing with conventional silicon solar cells, OSC can potentially fill in the 
areas where in the silicon solar cells cannot be used.  
Even though OSCs have several advantages over silicon solar cells, they 
fall short on two important factors: the device efficiency and the lifetime. The 
commercialization of organic solar cells is still largely hampered because of the 
above mentioned factors. To ensure the feasibility of OSC modules, the costs 
involving manufacture, packaging, installation and maintenance have to be 
covered by the revenue proportional to its power output. Thus, it is vital for the 
cell efficiency to reach and surpass the limit of 10% before it is considered 
commercially viable.[25] In 2012, a high device efficiency of 10.6% was 
achieved by adopting a tandem device architecture using a low band gap polymer 
[26]. However, to fully achieve a cost-effective OSC, a high-efficiency single 
junction device is desired. A breakthrough in the cell efficiency of 10.7 % and 12 % 
were announced by Heliatek GmbH in 2012 and 2013 respectively on a single-
junction vacuum-processed small molecules based OSC.[27, 28] On June 2015, 




efficiency chart with a breakthrough efficiency of 11.5% for organic solar 
cells.[29] The work was based on a morphologically optimized PffBT4T-
2OD:TC71BM.[20] These recent improvement in the efficiency suggests a good 
prospect for OSC. Some of the market players who are involved in the production 
of organic photovoltaics are Heliatek, Sono-tek, Solarmer and Belectric.[21, 30-
32] 
1.2.2 Fundamentals of organic solar cells 
OSCs are fundamentally different from the conventional inorganic solar 
cells in terms of charge transport mechanism. Conventional solar cells generate 
free electron-hole pairs in the bulk material under illumination and the diffusion 
of the minority carriers generates the photocurrent, it is thus called minority 
carrier devices. In contrast, OSCs generate tightly-bound holes and electrons 
(excitons) in the photoactive layer under illumination, which can only be 
dissociated at the donor-acceptor (D-A) interface, diffused and extracted at 
respective electrodes. This is because the dielectric constants of organic materials 
are generally lower (εr ~ 3 (P3HT), εr ~ 3.9 (PC61BM)) compared to inorganic 
materials such as silicon (εr ~ 12).[33] The low dielectric constant results in a 
large Coulomb attraction between the carriers in the material, which could reach 
as high as 0.5 eV.[34] As a result, photoexcited carriers in OSC device exists as 
tightly bound excitons instead of free electron hole pairs, unless a large enough 
energy is able to separate them apart. The majority carriers subsequently produce 
photocurrent in the device, thus calling it as a majority carrier device.[12, 18] The 
schematic representation comparing the charge transport mechanism between 





Figure 1.3 Schematic representation comparing the charge transport mechanism 
between conventional solar cells (left) and organic solar cells (right). 
Upon light illumination, three main charge transport phenomena would 
occur in an OSC device: exciton generation, exciton dissociation and charge 
extraction. The current in an organic solar cell delivers corresponding to these 
processes; the photocurrent quantum efficiency (j) is dependent on the fraction 
of exciton generation (gen), fraction of dissociation (diss) and fraction of charge 
extraction (ext), which can be described in the Equation 1-1 below. The overall 
charge transport in an organic solar cell is also summarized in a graphical 
representation in Figure 1.4.  
extdissgenj    
1-1 
  
The exciton generation process (gen) is triggered from highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) in 
the photoactive layer (generally the donor material if fullerene acceptor is used) 




absorption coefficient and thickness of the photoactive layer. This process would 
generate tightly-bound excitons in the bulk.  
After the exciton generation, dissociation (diss) is required in order for 
them to be harvested. Since excitons are electrically neutral, the motion of the 
exciton in the bulk is not affected by electric field in the device, but by means of 
diffusion. The exciton diffusion length in organic materials is typically 10 – 50 
nm.[18, 35-38] In other words, they are extremely short-lived. Beyond the 
diffusion length, they will recombine to the ground state as photoluminescence 
and resulting in a loss of photocurrent quantum efficiency. This process is known 
as the geminate recombination. In order for the bound pairs to dissociate, high 
energy is required to overcome the Coulomb binding force. This barrier could 
only be overcome by the LUMO offset energies between the donor and acceptor 
(ELUMO) when these excitons are diffused near the interface. A large ELUMO 
value (~1 eV) is able to give decent geminate pair dissociation quantum 
efficiency. However, a lower value is in fact desired to minimize unwanted 
voltage losses. In general, ELUMO must be large enough to overcome the binding 
energy, and small enough to prevent unwanted voltage loss in the device. As a 
result, in the selection for suitable donor and acceptor materials, a typical ELUMO 
value of 0.5 eV provide a good balance between the two abovementioned 
tradeoffs.[34]  
After successful exciton dissociation, the free electrons and holes need to 
be extracted to their respective electrodes (ext). To reach the electrodes, the 
charge carriers require a net driving force, which results in the internal electric 




internal electric field, which originates from the respective metal workfunction, 
would induce a drift current to sweep current across respective directions. The 
charge concentration gradient in the bulk would also induce a diffusion of charge 
carriers. During the transport of these carriers, the electrons and holes are still 
prone to collide with each other and recombine, causing non-geminate (bi-
molecular recombination).  
 
Figure 1.4 Energy level diagram and charge transport scheme of a typical organic 
solar cell. The red lines and black dashed lines correspond to HOMO and LUMO of 
donor and acceptor materials respectively. The charge transport scheme is denoted 
(1) Exciton generation; (2) Exciton dissociation; (3) Charge extraction. 
OSC is generally characterized using three parameters: short-circuit current 
density (jsc), open-circuit voltage (Voc) and fill factor (FF). Due to the difference 
in the charge transport properties, these parameters are interpreted in a different 
fashion in OSC compared to conventional solar cells. The short-circuit current 
density (jsc), current flow under no applied electric field, is determined by the 
efficiencies of photogeneration through absorption, charge separation and the 




generation rate[39], thickness of photoactive layer[20] and morphology of BHJ 
photoactive layer[40]. 
The open-circuit voltage (Voc) is the maximum voltage delivered by the 
solar cell when there is zero current passing through in the device. It is related to 
its effective bandgap relation in Equation 1-2.[39] Voc is determined by the 
effective bandgap (Eg
eff=ELUMO-acceptor – EHOMO-donor) of the donor and acceptor 
blend. The third term in Equation 1-2 indicates that this quantity is dependent on 
the competition between recombination rate, charge photogeneration rate and trap 
states density. Hence, to reduce the bi-molecular recombination, transport layers 
(electron transport and hole transport) are generally used to facilitate the charge 



















ELUMO-acceptor: LUMO energy level of acceptor  
EHOMO-donor: HOMO energy level of donor  
P: charge-transfer exciton dissociation probability 
G: charge-transfer exciton generation rate 
kbr : Langevin-type bimolecular recombination coefficient 
Ncv : effective density of states of BHJ 
 
The fill factor (FF) of a solar cell can be represented by Equation 1-3 below 
to measure the ‘squareness’ of a j-V curve. In OSC, it is specifically related to 
morphology, recombination and charge mobility.[18] The fill factor generally 
increases with the charge carrier mobility and decreases with recombination 
coefficient.[39] From the above discussions, the charge mobility has opposite 
effects to Voc and FF; high mobility decreases Voc but increases FF. Hence, there 













The corresponding device efficiency is represented in represented in 















Figure 1.5 Typical j-V characteristics of an organic solar cell 
Basic OSCs structure consists of four distinct layers to aid the 
abovementioned effects. ITO-coated substrate (glass or plastic) is used as an 
electrode owing to its transparent and conducting properties to allow light 
transmission into the photoactive material. A hole transport layer is required to 




poly(styrene sulfonate) (PEDOT:PSS) is commonly used as the hole transport 
layer (HTL). The subsequent layer is photoactive layer, which is the main light 
absorber responsible for the excitonic generation and dissociation processes. In 
bulk heterojunction devices, the photoactive layer is made of donor and acceptor 
materials. Polymers, low-bandgap polymers and small molecules such as 
polythiophene, low bandgap polymers and diketopyrrolopyrrole small molecules 
are commonly used as donor materials[41-43]; small molecules such as fullerene 
(C60) derivatives such as poly(1-(3-methoxycarbonyl)propyl-1-phenyl[6,6]C61) 
(PC61BM) and Indene-C60-bisadduct (ICBA) are commonly used as acceptor 
materials.[44, 45] Finally, a layer of metal contact (generally Ca/Al, Ag or Au) 
with a thin electron transport layer (ETL) such as LiF is deposited on top of the 
active material. The ETL aids the electron extraction from the photoactive layer 
to the metal electrode. The common device architecture of an organic solar cell is 
depicted in Figure 1.6. 
 




1.2.3 Research areas in organic solar cells 
The research in OSC can be diversified into three main overlapping areas: 
(1) efficiency; (2) scalability and; (3) stability, as shown in Figure 1.7. Each area 
would trigger a series of research directions.  
Firstly, boosting the efficiency of OSC towards and surpass 10% is an 
always-prevalent challenge. According to NREL, the efficiency of OSC has 
grown since 1980s from 0.8% to a current efficiency of 11.5% at 2015.[29] The 
enhancement of device efficiency is primarily achieved by developing novel 
photoactive layers. A continuous development of low bandgap conjugated 
semiconductor materials, tailoring of donor-acceptor morphology and adopting 
new device architecture are few of the directions taken by the research 
community. Achieving the goal may also require an alternative design on the 
device architecture. Tandem architecture was adopted to harvest a broader 
spectrum of sunlight with effectively thicker device and a larger open-circuit 
voltage.[46] However, this design is limited by the effective short-circuit current, 
which is limited by the absorber layer with the lower current. Various device 
optimization and material selection are needed in order for the device to deliver 
in its highest capability.  
Secondly, the scalability of the device is important to fabricate organic 
solar cells or solar modules eventually in a large-scale, roll-to-roll and solution-
processed way. To do so, the conventional spin coating and thermal evaporation 
methods on a rigid substrate has to be abandoned as it is gives low-throughput 
and incompatible to large-area, flexible devices.[25] A continuous roll-to-roll 




capability on flexible substrates. However, the implementation of this method 
often requires a lot of optimization steps which generally accounts for the 
observed lower efficiency.[47] The realization of the processability of OSC is 
vital to take them one step closer to the road of product manufacturing.  
Lastly, apart from achieving high efficiency and roll-to-roll processability 
in OSC, one must not overlook the device stability. Søndergaard et al. have 
proposed a goal of 10-10 (10% efficiency and 10 years of stability) as the 
transcending point of OSC form laboratory scale research to industrial scale 
production.[25] This goal is, in the author’s opinion, extremely important for the 
device practicality because the inherent poor stability of the device severely 
hampers their practical value. The stability of organic semiconductors in oxygen 
and moisture still remains a key point to be addressed by the research 
community.[48, 49] These materials degrade rapidly in the presence of oxygen 
and moisture, rendering poor energy harvesting capability of the device. 
PEDOT:PSS on top of the ITO is highly sensitive to moisture, only capable to 
function for 1 hour without proper encapsulation.[50] Due to the acidity of 
PEDOT:PSS, it will often etch into indium-doped tin oxide (ITO) substrate upon 
moisture, causing degraded contact.[51] Furthermore, the presence of low work 
function metals such as aluminium (Al) as cathode which oxidizes easily in air 
will also cause reduced longevity of the device lifetime.[52] Thus, to safeguard 
the instability of the device, high-cost encapsulation techniques are mandatory. 
Though glass-glass type encapsulation results in the best device lifetime, it 
eliminates the flexible characteristics for OSC. Research efforts on developing 




problem from the root, i.e. ITO etching by PEDOT:PSS and low-workfunction Al, 
is a better strategy.  
To this end, inverted organic solar cell (IOSC), which ‘inverts’ the 
sequencing of layers, was adopted to address these root causes. The adoption of 
such architecture could effectively contribute to a significant improvement in the 
device lifetime.[54, 55] In this thesis, tackling the device stability with the use of 
inverted organic solar cell architecture will be the main focus. 
 
Figure 1.7 Research areas of organic solar cells 
1.3 An overview of inverted organic solar cells 
Inverted organic solar cells (IOSC) are slowly gaining attention from the 
research community due to its superior device stability. One of the earliest 
conceptual implementation of an IOSC was reported by Rostalski et al. in the 
year of 2000.[56] This architecture was adopted to investigate the charge 




intention of tackling the device stability. One year later, a similar design of 
ITO/MPP/P3BT:PR3072/Cr-Au was reported by Sicot et al..[57] Though the 
device only gave low efficiency (0.1%), but it was reported to be stable for over 6 
months in air. Şahin et al. have successfully fabricated IOSC using MEH-
PPV:PC61BM to improve the device stability from 12 hours to at least 4 days.[58] 
Glatthaar et al. also adopted the inverted architecture design of 
glass/Al/Ti/P3HT:PCBM/PEDOT:PSS/Au, in the mind to overcome the usage of 
high-cost ITO coated glass.[59] Shortly after, Morii et al. were also able to 
fabricate an air-stable, encapsulation-free organic light-emitting diode (OLED) 
by implementing the inverted architecture.[60] From then on, inverted 
architecture has been gradually adopted, and continuous effort was carried out to 
increase the device efficiency and its solution-processability. In the year of 2006, 
3% device efficiency was successfully achieved using P3HT:PC61BM.[61, 62] A 
stable, solution-processable IOSC on flexible substrate with an efficiency of 3.3% 
was also achieved.[54] In fact, the current record high OSC efficiency of 10.8% 
using PffBT4T-2OD:TC71BM as photoactive layer has been realized with the 
inverted architecture.[20] Table 1.1 shows the summary of recent development of 
device efficiencies for IOSC using various photoactive layer materials. 
Many recent results have indeed proven that the inverted OSCs have longer 
device stability than conventional devices.[54, 63-68] Yang et al. reported an 
inverted bulk heterojunction (BHJ) device based on PBDTTT-C-T/PC71BM 
blend with gold nanoparticles and nanograting design with an efficiency of 8.8% 
[69]. Hau et al. demonstrated an inverted flexible OSC device using ZnO as an 




days of exposure in air [54]. McGehee et al. reported a PCDTBT polymer based 
OSC with an inverted architecture that shows shelf life of 7 years under 
encapsulation in ambient conditions [70]. Park et al. developed a dynamic 
annealed ZnO electron transport layer with 94% of device efficiency retained 
after exposure to air for 50 days.[55] In fact, preliminary testing of conventional 
and inverted architecture based on P3HT:PC61BM in air without encapsulation in 
our laboratory also shows similar enhancements in device lifetime (Figure 1.8).  
 
Figure 1.8 Comparison of the lifetime of conventional and inverted P3HT:PC61BM 
OSC under exposure to ambient condition without encapsulation. 
There are two major modifications in the device structure of inverted OSC: 
(1) ‘inversion’ of the transport layers and (2) the use of metal with higher 
workfunction. Firstly, the PEDOT:PSS hole transport layer (HTL) is shifted 
upwards between the photoactive layer and the metal contact. It is found that the 
acidity of PEDOT:PSS upon moisture and oxygen contact could be the major 
cause for the instability of the cell as it etches the ITO [50, 71]. Thus, shifting the 




Instead of low workfunction metal, an air-stable high work function metal such as 
silver (Ag) or gold (Au) is used as the metal electrode. As a result, the direction 
of carrier extraction is ‘inverted’ with respect to the conventional architecture. 
The electrons are now extracted at ITO while holes at the metal electrode (Figure 
1.9). Such phenomenon can be clearly seen in the energy level diagram for an 
IOSC shown in Figure 1.10, the excitons are generated in the photoactive layer 
and dissociated at the organic interfaces then subsequently extracted to respective 
contacts. 
 
Figure 1.9 Schematic Representation for (a) Conventional OSC cell struture ; (b) 
Inverted OSC. Note on the direction of charge collections between the two types of 
devices. 
 
Figure 1.10 Energy level diagram and charge transport scheme of a typical inverted 
organic solar cell. The red lines and black dashed lines correspond to HOMO and 
LUMO of donor and acceptor, respectively. The charge transport scheme is 





Table 1.1 Summary of recent development of device efficiency for inverted organic solar cells using various photoactive layer materials. 










PFN PTB-7 PC71BM MoO3 Ag 740 17.2 72 9.2 2012 [42] 













Zn-C60 PTB7-Th PC71BM MoO3 Ag 800 15.7 74 9.4 2013 [73] 























ZnO PffBT4T-2OD TC71BM MoOx Al 770 18.8 75 10.8 2015 [20] 




1.4 Transport layers in inverted organic solar cells 
Similar to its non-inverted counterpart, IOSCs require hole transport layers 
(HTL) and electron transport layers (ETL) for an effective charge extraction. 
Efficient charge extraction would lead to a minimal recombination loss and low 
leakage current. Materials such as poly(3,4-ethylene 
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) [76, 77] and metal oxides 
(MoOx [78, 79], WOx [72] and VOx [80]) were normally used as HTL. Several n-
type metal oxides such as TiOx [62, 76, 81], ZnO [61, 77, 82] and Cs2CO3 [78, 83, 
84] were generally used as ETL. The existence of these transport layers plays an 
extremely vital role in IOSC. In this section, a brief overview covering the 
material types and current status of the hole transport layers (HTL) and electron 
transport layers (ETL) will be discussed. 
1.4.1 PEDOT:PSS hole transport layer 
Among the wide range of materials available for HTL in IOSC, 
PEDOT:PSS is often more preferred due to its ease of solution-processing. This 
is because metal oxide based HTL is generally deposited by means of thermal 
evaporation; while PEDOT:PSS can be easily deposited by printing or coating 
methods (Table 1.3). As a result, PEDOT:PSS is the main material for HTL in 
IOSC used in this work. PEDOT is a conductive polymer which adopts 3,4-
dialkoxythiophene structures. Its conductive nature originates from the 
polymerization of the bicyclic 3,4-ethylenedioxythiophene (EDOT) and its 
derivatives.[85] From the structure of the polymer shown in Figure 1.11, the 
presence of oxygen atoms adjacent to the thiophene ring stabilizes the positively 




is formed [35]. Due to the inherent chemical structure and the hydrophilicity of 
the material, PEDOT:PSS is intrinsically an acidic and hygroscopic compound. 
Typical conductivity of PEDOT is in the range of 500 S cm-1. However, such 
high conductivity is not suitable for hole transport action because large lateral 
conductivity will occur, leading to unwanted device interconnections. When 
coupled with PSS at various ratios, its conductivity can be tuned to as low as 10-3 
S cm-1 (Table 1.2). PEDOT:PSS with lower conductivity grade (Clevios™ P VP 
AI 4083) is normally used as the hole transport layer for organic solar cells.  
 
Figure 1.11 Chemical structure of PEDOT:PSS 
Table 1.2 List of PEDOT:PSS and its respective properties. The properties were 
obtained from [35]. 






Clevios™ PH 1000 1:2.5 850 Transparent electrodes 
Clevios™ PH 500 1:2.5 300 Transparent electrodes 
Clevios™ P VP AI 4083 1:6 10-3 Transport layer 














Film thickness [nm] η [%] Ref. Year 
P3HT:PC71BM MoOx n/a Thermal evaporation 2 4.0 [78] 2011 
PTB7:PC71BM MoOx n/a Thermal evaporation 10 6.5 [72] 2013 
P3HT:PC61BM 
PEDOT:PSS 
(CPP 105 D) 










(P VP AI 4083) 
Unspecified 
surfactant 
Spin coating 50 3.0 [87] 2011 
P3HT:PC61BM 
PEDOT:PSS  
(P VP AI 4083) 




Isopropanol Doctor blading 120 2.4 [88] 2011 
P3HT:PC61BM 
PEDOT:PSS 
(P VP AI 4083) 
Capstone FS-31 Spin coating 80 3.1 This work 2012 
P3HT:PC61BM PEDOT:PSS Surfynol 104 PA Spin coating 40 4.0 [89] 2013 
P3HT:ICBA PEDOT:PSS/WOx n/a Spin coating Unspecified 5.5 [90] 2015 
P3HT:PC61BM VOx n/a Spin coating 25 3.9 [80] 2011 
PTB7:PC71BM WOx n/a Thermal evaporation 5 6.7 [72] 2013 





1.4.2 Titanium oxide electron transport layer 
In IOSC, the electron transport layer (ETL) aids the device in transporting 
the dissociated electrons to the electron-collecting contacts, i.e. ITO. Table 1.5 
shows the summary of IOSC device efficiency fabricated with various electron 
transport layer materials. P3HT:PC61BM IOSC based on ZnO as electron 
transport layer could achieve a device efficiency of 3.6% with proper annealing 
control [92] and even 4.2% utilizing atomic layer deposition (ALD).[93] In fact, 
SnO2 and Nb2O5 were also reported to be a decent electron transport layer in 
IOSC.[94, 95] Device based on solution-processed TiOx as electron transport 
layer could also achieve an efficiency of 3.7% by using sol-gel spin coating and 
chemical bath deposition.[38, 81] In this work, TiOx will be used as the ETL in 
IOSC devices because of its transparent, high-mobility and stable properties. 
Apart from these attributes, a thickness of ~100 nm can also serve as a UV 
protective layer for the device to improve the device lifetime.[76] 
There are various methods in which these metal oxides ETL can be 
deposited onto transparent conducting substrates (TCO) for IOSC applications, 
few of which are spin coating, chemical vapor deposition (CVD), atomic layer 
deposition (ALD), doctor blading (DB), spray pyrolysis and chemical-bath 
deposition (CBD) (Table 1.5). ALD and CVD techniques require vacuum 
condition and high temperature environments that could deteriorate the quality of 
the substrates and also incur high manufacturing cost. Spin coating and spray 
pyrolysis face a difficulty in manufacturability when the OSC expands into larger 
area. Chemical bath deposition seems to be the most suitable coating method 
among all because it is a facile, scalable, low temperature, solution processed and 




and development of chemical bath deposition was reported by Lokhande.[96] 
This method has been used to deposit thin film metal oxides on various 
conducting or non-conducting substrates (Table 1.4). 
Oxide thin films can be deposited by immersing a substrate into a chemical 
bath in ambient condition, without being subjected to harsh deposition 
environment.[96] A straightforward thickness control in the range of 20 nm to 
several microns under a low temperature, solution processed and facile setup can 
be relatively easily realized in this method.[81, 97-99] Chemical bath deposited 
titanium oxide (CBD-TiOx) thin films on transparent conducting oxide (TCO) 
substrates have been widely studied. More et al. deposited TiO2 nanorods onto 
fluorine doped tin oxide (FTO) substrates by using titanium (III) chloride as 
precursor at 80°C under controlled pH for 2 hours [99]. Masuda et al. also 
conducted a study on TiO2 thin film on FTO substrates using ammonium 
hexafluorotitanate and boric acid as precursors [97]. They were able to deposit a 
layer of anatase TiO2 film under 50°C for 2 hours. This method has also been 
employed to fabricate a nanotubular TiO2 photoanode in dye-sensitized and 
quantum dot sensitized solar cells.[100, 101] In solar cell applications, CBD has 




















100 FTO 50 2008 [97] 
















SnCl2 · 5H2O 
HCl 
9 SiO2 80 2000 [98] 
SnO2 
SnCl2 · 2H2O 
KNO3 
4 Glass 60 2002 [103] 
SnOx SnCl2 · 5H2O 300 Glass 55 2012 [104] 
ZnO 
Zn(NO3)2 
(CH3)2NH · BH3 








Table 1.5 List of IOSC device performances with various metal oxides and coating methods in the research community 









Photoactive layer Year Ref. 
ZnO Diethyl zinc ALD* 45°C 36 3.8 P3HT:PC61BM 2010 [93] 
TiO2 Titanium oxysulfate (TiOSO4) CBD




Aluminium hydroxide acetate 
Doctor Blade 260°C 100 2.4 P3HT:PC61BM 2011 [88] 
TiOx TiCl4 Doctor Blade - 38 2.6 P3HT:PC61BM 2011 [41] 
TiOx/PEI Ti metal plate 
Magnetron 
Sputtering 
No anneal 82 8.7 PTB7:PC71BM 2014 [107] 
TiOx Titanium (IV) isopropoxide (TTIP) Spin Coat 150°C 30 2.3 P3HT:PC61BM 2008 [108] 
Nb2O5 Niobium ethoxide Spin Coat 450°C 10 2.7 P3HT:PC61BM 2011 [95] 
Cs2CO3 Commercial powder Spin Coat 150°C n/a 4.0 P3HT:PC61BM 2011 [78] 
TiOx Titanium (IV) isopropoxide (TTIP) Spin Coat 180°C 130 2.9 P3HT:PC61BM 2012 
This 
work 
SnOx Tetrakis(diethylamino)tin (TDEASn) Spin Coat n/a 40 3.0 P3HT:PC61BM 2012 [94] 
ZnO Zinc acetate Spin Coat 350°C 7 3.3 P3HT:PC61BM 2012 [77] 
ZnO (Zn(OH)2(NH3)x) Spin Coat 150°C 10 3.6 P3HT:PC61BM 2013 [92] 
TiO2 
Titanium (IV) isopropoxide (TTIP) 









P3HT:PC61BM 2013 [38] 
TiO2-Au 
NPs 
TiO2 nanoparticles Spin Coat 150°C 20 8.7 PTB7:PC71BM 2013 [109] 
ZnO 
Zinc acetate dihydrate 
(Zn(CH3COO)22H2O) 
Spin Coat in 
N2 









n/a 100 2.1 P3HT:PC61BM 2011 [76] 
* CBD: Chemical bath deposition; ALD: atomic layer deposition 
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1.5 Issues in inverted organic solar cells 
Although IOSC provides an excellent way to tackle the poor device 
stability in organic solar cells, it is not yet completely feasible to be used in large-
scale manufacturing and practical energy harvesting applications. The main 
source of the problem stems from the charge transport layers in the device. The 
configuration and material used for the charge transport layers give rise to two 
serious issues: (i) wettability issue of PEDOT:PSS hole transport layer on 
photoactive layers and (ii) light-soaking issue due to the use of metal oxide 
electron transport layer. In this section, these issues will be further discussed, 
with the proposal for modifications of these transport layers to overcome the 
inherent difficulties associated with them. . 
1.5.1 Wettability issue of PEDOT:PSS in inverted organic solar cells 
Coating of the PEDOT:PSS onto the photoactive layer remains to be a 
serious technical challenge involved in the fabrication of these devices. The 
hydrophobic nature of the underlying photoactive layer (such as P3HT:PC61BM) 
produces high surface tension upon contact with hydrophilic PEDOT:PSS, 
causing a serious wettability issue. Without the aid of additives, PEDOT:PSS can 
hardly be coated onto the photoactive layer. Upon contact, PEDOT:PSS solution 
would form a high surface angle on the photoactive layer surface (Figure 1.12 
(left)). Consequently, this will lead to poor film morphology and inferior device 
performance. Removal of PEDOT:PSS as a hole transport layer (HTL) is not an 
option to resolve this issue as this will render the photoactive layer susceptible to 
oxygen and moisture, causing detrimental effects to the device performance. 
Furthermore, the absence of HTL will also result in poor device performance.[34] 
Replacement of PEDOT:PSS with other p-type metal oxides is undesired because 
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that would make the device incompatible for solution-processing (see Table 1.3). 
Therefore, use of additives is necessary to circumvent this wettability issue.  
To lower the surface energy of PEDOT:PSS, a non-ionic additive should be 
used. On one hand, anionic additives such as sodium dodecyl sulfate (SDS) could 
significantly enhance the conductivity by substituting PSS anion by the 
anions.[110] As shown in Table 1.2, high conductivity PEDOT:PSS is not a 
suitable HTL as it will cause undesired lateral device connections. On the other 
hand, cationic additives would neutralize the PSS anion by forming stable 
complex which could affect the morphology of the PEDOT:PSS film. The 
addition of nonionic surfactant neither alters its conductivity significantly, nor 
affects its morphology to undesired state. As a result, non-ionic additives are 
generally used to modify the wettability of PEDOT:PSS.[59, 86, 111] 
In Table 1.3, an overview of the additives added into PEDOT:PSS before 
coating onto the photoactive layer was presented. Isopropyl alcohol (IPA) is the 
most commonly used additive for PEDOT:PSS to reduce the surface energy.[88] 
Other alternatives such as Dynol [59], Triton X-100 [86] and Zonyl FS-300 [111] 
were also used previously. The use of fluorosurfactants such as Zonyl FS-300 is 
more beneficial than hydrocarbon based surfactants (Triton X-100) in reducing 
the surface tension between the two organic layers. This is attributed to the 
lipophobic nature of the C-F tail which tends to concentrate at liquid-air interface; 
in contrary to the lipophilic C-H tail that concentrates in condensed phase 
interfaces.[112] In the fabrication of inverted OSCs, Zonyl FS-300 is often used 
together with IPA because Zonyl FS-300 or IPA alone is insufficient for 
PEDOT:PSS to lie within the wetting envelope of P3HT:PC61BM.[47] An 
undesirable and detrimental UV ozone surface treatment of photoactive layer 
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prior to PEDOT:PSS coating is often required to increase its surface energy 
(Figure 1.12). Therefore, a study to investigate an alternative additive to 
PEDOT:PSS to resolve the wettability issue for inverted organic solar cells would 
be a valuable contribution. 
 
 
Figure 1.12 Schematic showing the necessity of UV-ozone treatment on photoactive 
layers prior to coating PEDOT:PSS with conventional surfactants modification. 
1.5.1.1 Fluorosurfactant modified PEDOT:PSS as hole transport layer 
To overcome this issue, a new type of non-ionic fluorosurfactant: 
Capstone® Dupont™ FS-31 (herein referred to as CFS-31) is proposed in this 
thesis as a substitute to common additives such as Zonyl FS-300 in the 
fabrication of IOSC. The use of CFS-31 to enhance the wettability of 
PEDOT:PSS on top of the photoactive layer in IOSCs was new during the time of 
report. CFS-31 is capable of providing remarkably low surface tension (~15 
mN/m) compared to Zonyl FS-300 (~23 mN/m) in aqueous or solvent-based 
products (ideal for PEDOT:PSS) that could enable better wetting. This study will 
be conducted with bulk heterojunction P3HT:PC61BM in inverted device 
architecture with solution-processed TiOx as an electron transport layer (ETL) 
along with PEDOT:PSS HTL with CFS-31 additive.  
1.5.2 Light-soaking issue of TiOx based inverted organic solar cells 
Apart from the wettability issue, there is another inherent issue in IOSC, i.e. 
the necessity of a mandatory “light-soaking” treatment. General IOSC device 
would require a continuous exposure to light in order to active it to its full 
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potential.[113] This phenomenon is especially observed in IOSCs with n-type 
metal oxides (TiOx, ZnO) as ETL. The as-prepared IOSC would show s-shaped j-
V characteristics with a low short-circuit current and a low fill factor during the 
initial illumination.[113-116] After prolonged illumination, the device efficiency 
gradually improves and saturates at its highest value. A typical device with TiOx 
as electron transport layer would require approximately 10 minutes under 
AM1.5G illumination to reach its maximum efficiency.[117, 118] Light-soaking 
time of 15 minutes was needed when Al-doped ZnO (AZO) is used as electron 
transport layer.[119] The light-soaking behavior in IOSC seems to originate from 
the filling of the oxygen- and moisture-induced trap sites in the metal oxide by 
photoelectrons generated by the UV component (  400 nm) under AM 1.5G 
illumination (1000 W/m2).[113, 120] Such trap-filling action consequently lowers 
the work function of the ETL and improves its electron selectivity.[121]  
The severity of the light-soaking effect lies in its reversible property.[122-
124] As a result, the device must be activated repeatedly at each light-dark cycle 
(every morning when used for outdoor applications) before it can function in full 
capacity. To roughly estimate the light-soaking time required to fully activate an 
IOSC device in outdoor application, the following assumptions were made: (i) 
The device was illuminated under a sunny day in Singapore; (ii) 100% 
conversion of photon to electron in solar cells; (iii) Light-soaking time decreases 
with increasing irradiance intensity. Since the irradiance intensity is proportional 
to the photon density, which converts 100% to electron density, and electron 
density scales inversely with the device light soaking time (i.e. device with higher 
electron density would correspondingly reduce the light-soaking time); (iv) 
Identical irradiance wavelength spectrum between indoor and outdoor light 
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sources; (v) Devices with the same device area were used.  If a typical IOSC 
device requires 10 minutes to complete its light-soaking treatment under a solar 
simulator (AM1.5G, 1000 W/m2), a light-soaking of at least an hour needs to be 
done under the sun every morning (see Figure 1.13). This requirement greatly 
hinders the practicality of the device, especially in outdoor applications. 
Therefore, it is mandatory to address this issue by significantly reducing the light-
soaking time in inverted organic solar cells.  
 
Figure 1.13  (a) Typical solar irradiance at function of time for a typical sunny day 
at Singapore; (b) Light-soaking calculation with assumption of  10 minutes under 
the solar simulator; (c) the corresponding light-soaking estimation under the sun by 
equating the energy densities (area under the curves in (b) and (c)). 
1.5.2.1 Fluorinated titanium oxide as electron transport layer 
Impurity-modified metal oxides have been adopted by various groups to 
address the light-soaking issue. Strontium and barium doped ZnO and Al doped 
ZnO onto TiOx (AZO-TiOx) were already used as ETL to address this issue in 
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IOSC. [115, 121] Kim et al. have also reported a nitrogen-doped TiOx electron 
transport layer to reduce the light-soaking time in a PTB7-th:PC70BM IOSC.[117] 
Therefore, in this work, fluorinated titanium oxide (F-TiOx), deposited by 
solution-processed chemical bath deposition (CBD), was proposed as a 
functionalized ETL in IOSC to address this issue. This material has been applied 
extensively in various applications such as electrochromic [102], anti-corrosion 
of metal [125], photocatalytic applications [126] and solar cells [127]. The 
presence of fluorine in TiOx could significantly reduce its dangling bonds by 
passivation.[102] In CdS and CdSe quantum dot solar cells (QDSC), F-TiOx was 
used to enhance the cell efficiency.[127] Based on the passivation property of 
fluorine in TiOx, we believe that F-TiOx can be used to reduce the trap states to 
accelerate the trap-filling action during the light-soaking. As discussed in Section 
1.4.2, chemical bath deposition (CBD) is a routinely employed coating technique 
to fabricate metal oxide thin films.[104, 128] Most importantly, incorporation of 
fluorine into TiOx can also be done intrinsically by CBD onto TCO 
substrates.[102, 125] This material was not previously used in OSC applications 
and there has been no report on addressing the light-soaking issue in IOSC 
devices with chemical bath deposited ETL during the implementation of this 
work. Hence, after resolving the wettability issue with CFS-31 modified 
PEDOT:PSS, F-TiOx was incorporated as the ETL in P3HT:PC61BM IOSC to 
evaluate the its light-soaking characteristics. 
1.6 Towards high-efficiency inverted organic solar cells 
Ultimately, the research of organic solar cells will have to move to high-
efficiency devices, eventually moving away from the conventional polymeric 
photoactive material P3HT:PC61BM. Hence, building upon the modifications of 
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interfacial layers (CFS-31 modified PEDOT:PSS HTL and F-TiOx ETL), it is 
important to evaluate the device stability and functionality of this modified IOSC 
in other photoactive layers systems. In this study, two common classes of 
photoactive layer: benzodithiophene-thienothiophene (BDT-TT) low bandgap 
polymer and diketopyrrolopyrrole (DPP) small molecules will be adopted. In this 
section, a brief overview of these materials class will be presented. 
1.6.1 Benzodithiophene-Thienothiophene low bandgap polymer 
To further increase the device efficiency of OSCs over 10%, development 
of new photoactive material based on low band gap polymers have been used.[73, 
129] Low band gap polymers could increase the device performance by 
extending the absorption of the photoactive material into longer wavelength 
region. This capability has been achieved by adopting the strategy of employing 
alternating electron-rich (donor) moieties and electron-poor (acceptor) moieties 
to establish a push-pull interaction which results in the bandgap tailoring.[130-
136] Due to its symmetric and planar -conjugated structure, benzodithiophene 
(BDT) has proved to be one of the most efficient donor materials for high 
performance photovoltaic devices with PC61BM acceptors. This property is also 
expected to provide a tight and regular stacking for the BDT-based conjugated 
polymers which in turn could enhance the electron delocalization and interchain 
interaction.[137, 138] By using BDT as the central donor building block, high 
efficiencies of up to 9.6 % can be achieved.[139, 140]  
Among this class of material, poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-
b:4,5-b’]dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-
b]thiophenediyl})  (PTB-7) shows a high efficiency of up to 9% in both 
conventional and inverted organic solar cells.[42, 132, 134, 141] This polymer 
 35 
 
consists of alternating benzodithiophene (BDT) and thienothiophene (TT) 
moieties as its backbones. Despite being able to achieve high device efficiency, 
the low device lifetime of PTB-7 greatly hinders its applicability in organic solar 
cells and the reason attributed to this is a side-chain oxidation due to exposure to 
light in air.[142] The oxidation of the material consequently alters its absorption 
profile, leading to poor device stability. Razell-Hollis et al. conducted an in-situ 
Raman spectroscopy study on PTB-7:PC71BM film with exposure to light in air 
for 10 minutes and concluded that the degradation takes place due to the 
oxidation of benzodithiophene functional group, which alters the electron density 
of the neighboring thienothiophene unit which further triggers conjugation 
breaking cycloaddition of O2.[143] However, most of the device degradation 
studies till now were carried out in conventional device architecture and little has 
been known about the degradation behavior of this material when employed in 
inverted architecture. It is also unclear if the modified IOSC device in this work 
would perform consistently in this class of material. To this end, a systematic 
study on the air-stability, photochemical stability, photo-oxidation stability and 
light-soaking characteristics of PTB-7:PC71BM based IOSC with F-TiOx as ETL 
was carried out in this work.   
1.6.2 Diketopyrrolopyrrole small molecule 
Small molecule based photoactive materials are by far a more suitable 
material for the purpose of commercialization and large scale production. 
Relative to the counterparts with polymeric structures, small molecules hold 
several advantages: (i) uniform and defined molecular structures, reducing batch-
to-batch variation [144, 145]; (ii) more versatile in modifying of its chemical 
structure [146, 147]; (iii) higher charge mobility [148]; (iv) generally higher 
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open-circuit voltage [139, 149]. In earlier days, small molecule materials were 
less favored compared to its polymeric counterpart. It is mainly due to the lack of 
solution-processability of these materials; thermal evaporation is often the 
method of deposition.[150-152] Today, small molecules can be made solution-
processable through attaching solubilizing chains in the molecular building 
blocks.[144, 153-155] Since then, it was gradually being adopted as an 
alternative photoactive material to polymers to make high efficiency devices.[139, 
140, 154, 155]  In fact, small molecule (oligomer) based HeliaFilm® is one of the 
flagship material adopted by Heliatek, one of the leading companies in organic 
photovoltaics industry.[21] Small molecule based organic solar cells (SMOSC) 
have been widely adopted in OSC as photoactive layer to achieve an efficiency of 
over 9 % (see Table 1.6).  
Diketopyrrolopyrrole (DPP) is a commonly adopted conjugated molecule 
structures that is used extensively as high-performance pigments for industrial 
applications [149] and organic electronics such as organic field-effect transistors 
(OFET) [156, 157] and organic solar cells [43, 144]. DPP is an attractive building 
block because of its facile synthetic modifications, i.e. substitution of solubilizing 
alkyl groups and aromatic groups for energy level tuning.[149] Due to the 
rationale of the conjugated molecular structure, it has a greater tendency to 
crystallize, resulting in a high mobility. This property is desirable in organic solar 
cells, to enable control of the morphology for optimal charge transport 
properties.[158] In OSC applications, the device efficiency of 7% can be 




Among the molecules with DPP as building block, 2,5-di(2-ethylhexyl)-
3,6-bis-(5”-n-hexyl-[2,2’,5’,2”]terthiophen-5-yl)-pyrrolo[3,4-c]pyrrole-1,4-dione 
(SMDPPEH), is one material variation that has solution-processing 
capability.[144] The solubility of the material originates from the hexyl side 
chains at the thiophene terminals, and the ethyl-hexyl side chains attached to the 
DPP molecule (Figure 1.14). These alkyl side chains act as the solubilizing 
groups in the material, enabling decent solubility in organic solvents such as 
chloroform, chlorobenzene and di-chlorobenzene (Table 1.6). The terthiophene 
groups attached to the DPP backbone is crucial to make the molecule more planar 
and well-ordered, which results in high carrier mobility compared to non-
thiophene substituents counterparts.[159] However, there have been limited 
reports of IOSC utilizing small molecules photoactive layer to date. Few of which 
includes thermal evaporated SubPc:C60 system [150, 160] and p-
DTS(FBTTh2)2:PC71BM [65], without any contribution in the DPP based small 
molecule systems. Therefore, in this work, SMDPPEH:PC61BM was used as the 
photoactive material to fabricate IOSC for the first time. This material will be 
used as the representative material for DPP small molecule system to evaluate the 
performance of the modified IOSC.  
 




Table 1.6 List of device performances of small molecule based organic solar cells by various research groups. 








OSC SMDPPEH:PC61BM CHCl3 800 8.1 45 2.9 2009 [144] 
OSC SMDPPEH:PC71BM CHCl3 750 9.2 44 3.0 2009 [167] 
OSC DPP(TBFu)2:PC71BM CHCl3 920 10.0 48 4.4 2009 [163] 
OSC CuPc:C60 (TE) 430 13.6 44 2.6 2010 [152] 
OSC ZnPc (TE) 550 7.8 59 2.6 2011 [151] 
OSC DTS(PTTh2)2/PC71BM CB+DIO 780 14.4 59 6.7 2012 [145] 
OSC SMDPPEH:PC71BM CB 720 10.2 36 2.6 2013 [168] 
OSC SMDPPEH:PC61BM CHCl3 750 8.0 46 2.8 2013 [165] 
OSC ZnPc/C60 (TE) 520 16.4 41 3.4 2013 [169] 
OSC BDT-2DPP:PC61BM CHCl3 840 12.0 58 5.8 2013 [162] 
OSC DR3TBDTT:PC71BM CHCl3 930 13.2 66 8.1 2013 [139]  
OSC SMDPPEH:PC71BM CHCl3 750 8.0 46 2.8 2014 [159] 
OSC 
SMDPPEH:PC61BM  
+ 0.1% CP3MS 
CB 720 12.4 51 4.5 2014 [166] 
OSC BDT-PO-DPP:PC61BM CHCl3+DCB 830 11.2 60 5.6 2014 [153] 
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OSC -6T/SubNc/SubPc (TE) 960 14.6 61 8.4 2014 [161] 
OSC DR3TSBDT:PC71BM CHCl3 910 14.5 73 9.6 2014 [140]  
OSC SMDPPEH:PC61BM CB 707 6.7 56 2.7 2015 This work 
OSC NDPPFBT:PC71BM CHCl3 880 10.7 72 6.9 2015 [43] 
OSC BTR:PC71BM CHCl3 890 13.6 74 8.9 2015 [155] 
OSC DRCN7T:PC71BM CHCl3 910 14.9 69 9.1 2015 [154] 
IOSC p-DTS(FBTTh2)2:PC71BM CB+DIO 773 15.2 67 7.9 2013 [65] 
IOSC SubPc:C60 (TE) 910 3.7 46 1.6 2015 [160] 
IOSC SubPc:C60 (TE) 1340 3.6 53 2.5 2015 [150] 
IOSC 
SMDPPEH:PC61BM 
(with F-TiOx ETL) 
CB 763 8.0 49 3.0 2015 This work 
Tandem SMDPPEH:PC61BM CB 720 10.3 52 3.8 2014 [164] 
(TE): The photoactive layer was deposited by thermal evaporation 
^ For full chemical names of the photoactive layer materials and solvents, please refer to the abbreviation section of this thesis. 
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1.7 Structure of thesis 
Based on the literature review, it is evident that inverted organic solar cells, 
although attractive in achieving high stability, possess several short term and long 
term issues. First of which is the wettability issue between PEDOT:PSS HTL and 
photoactive layer. The second issue is the light-soaking effect due to the 
existence of n-type metal oxide ETL. In this work, an attempt to resolve these 
issues was undertaken. In order to fill the research gap, the following questions 
were asked: 
 How can the fabrication issue of hole transport layer (PEDOT:PSS) in 
inverted organic solar cells be solved by modifying the hole transport layer? 
 How can the inherent light-soaking issue be addressed to increase the device 
practicality by modifying the electron transport layer? 
 Will the modified transport layers be affected if different photoactive layer 
materials are used? 
 How do all the modifications above affect or contribute to the device stability 
in IOSC? 
With all these questions in mind, a big picture was formed (illustrated in 
Figure 1.15), thus forming the objective and the structure of this thesis. The 
objective of this work is to overcome the inherent two serious issues in IOSC by 
modifying the charge transport layers, the modified device is expected to be 
performing consistently in wide range of photoactive layer system without 
severely affecting the device efficiency and lifetime,. In order to achieve this, the 
following works were carried out: (i) Fluorosurfactant modified PEDOT:PSS 
hole transport layer (HTL) using Capstone FS-31 to overcome the wettability 
issue during the coating of the HTL; (ii) Fluorinated TiOx electron transport layer 
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(ETL) to overcome the light-soaking issue; (iii) Implementation of modified 
transport layers in benzodithiophene-thienothiophene low bandgap polymer 
based IOSC; (iv) Implementation of modified transport layers in 
diketopyrrolopyrrole small molecule based IOSC. The progressive aspects of this 
work form four main technical chapters in this dissertation.  
Firstly, in Chapter 3, a new type of non-ionic fluorosurfactant: Capstone® 
Dupont™ FS-31 was proposed as an additive of PEDOT:PSS for IOSC 
fabrication for the first time. This study was conducted with P3HT:PC61BM in 
IOSC with CFS-31 modified PEDOT:PSS hole transport layer. The following 
positive aspects of CFS-31 are highlighted in this work: (1) improvement of the 
device efficiency with TiOx electron transport layer; (2) proper coating of 
PEDOT:PSS onto P3HT:PCBM without requiring additional additives and 
surface treatments; (3) provision of invariant optimal thickness of TiOx ETL; and 
(4) realization of a stable device performance for at least 600 hours when exposed 
to ambient atmosphere without encapsulation. 
Secondly, in Chapter 4, chemical bath deposited fluorinated titanium oxide 
(F-TiOx) was demonstrated as the electron transport layer in P3HT:PC61BM 
based IOSC for the first time. Without affecting the device efficiency, its light-
soaking time was reduced by more than ten-times (from 450 s to 35 s) compared 
to conventional sol-gel coated TiOx as electron transport layer. Ultraviolet 
photoelectron spectroscopy (UPS) and UV photoconductivity measurements were 
used to understand the light-soaking time reduction mechanism. From the 
perspective of ITO/TiOx interface, work function realignment was observed in F-
TiOx due to the partial filling of its defective sites by fluorine atoms. This process 
consequently reduces its intrinsic trap state density compared to sol-gel TiOx 
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even before the light-soaking treatment. As a result, the trap filling action can be 
completed in a shorter time upon illumination, thus significantly reducing the 
duration of the necessary light-soaking.  
Thirdly, in Chapter 5, an investigation of the device stability and light-
soaking characteristics of PTB-7:PC71BM IOSC with the modified transport 
layers (CFS-31 modified PEDOT:PSS and F-TiOx) was carried out for the first 
time. The air-stability, photo-stability in inert atmosphere and photo-stability in 
ambient conditions of the device were separately carried out to better understand 
the polymer behavior in inverted OSC. The device air-stability with different 
polymer absorber layers were studied by exposing the devices in air for up to 
1500 hours. Due to the long and easily cleavable alkoxy side chains in the 
polymer backbone, PTB-7:PC71BM based inverted OSC device is highly 
susceptible to oxygen and moisture when compared to P3HT:PC61BM based 
device. In addition, with the presence of F-TiOx ETL, a significant reduction in 
light soaking time can still be observed.  
Lastly, in Chapter 6, an investigation of the device stability and light-
soaking characteristics of SMDPPEH:PC61BM IOSC with the modified transport 
layers (CFS-31 modified PEDOT:PSS and F-TiOx) was carried out for the first 
time. A systematic device stability study was also conducted by exposing the 
device in different conditions: air in dark, light in N2 environment and light in 
ambient condition. The devices were found to still remain stable under those 
exposure conditions. It was found that the capability of F-TiOx ETL in light-
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Chapter 2 Experimental 
A compilation of the materials and device fabrication is reported in this 
chapter. A detailed description of specific procedure will be outlined in 
respective chapters, if necessary. A list of characterization tools utilized in this 
dissertation will also be reported in this chapter. 
2.1 Materials  
Titanium isopropoxide (TTIP, 97%, Sigma Aldrich), acetylacetone (AA, 
Sigma Aldrich) and isopropanol (IPA, reagent grade,  Aik Moh Paints & 
Chemical Pte Ltd.) were used to prepare the sol-gel TiOx electron transport layer. 
For the fluorinated TiOx, ammonium hexafluorotitanate ((NH4)2TiF6, 99.9%, 
Sigma Aldrich) and boric acid (H3BO3, ≥ 99.5%, Sigma Aldrich) were used.  
Regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT, 98%, average Mn 
54,000–75,000, Sigma Aldrich), poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-
b:4,5-b’]dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-
b]thiophenediyl}) (PTB-7, 1-Material) and 2,5-di(2-ethylhexyl)-3,6-bis-(5”-n-
hexyl-[2,2’,5’,2”]terthiophen-5-yl)-pyrrolo[3,4-c]pyrrole-1,4-dione (SMDPPEH, 
1-Material) were used as donor materials; phenyl-C61-butyric acid methyl ester 
(PC61BM, Nano-C) and phenyl-C71-butyric acid methyl ester (PC71BM, Nano-C) 
were used as acceptor materials. Dichlorobenzene (DCB, Sigma Aldrich), 
chlorobenzene (CB, Sigma Aldrich) were used as the solvent for donors and 
acceptors. 1,8-diiodooctane (DIO, Sigma Aldrich) was used as a solvent additive 
for PTB-7:PC71BM devices. 
Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS, 
Clevios P VP AI 4083, Ossila) was used as hole transport layer. Capstone® FS-
31 (CFS-31, Dupont) was added into PEDOT:PSS prior to spin coating. Silver 
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(Ag) was purchased from K. J. Kurt Lesker & Co (99.99%). All of the above 
mentioned materials were used as received. 
2.2 Preparation of charge transport layers 
2.2.1 CFS-31 modified PEDOT:PSS  
PEDOT:PSS/fluorosurfactant solution was prepared by blending the 
PEDOT:PSS solution with Capstone® FS-31 (CFS-31) with 0 v/v% to 15 v/v%. 
The volume ratio is defined as volume of CFS-31 to the volume of PEDOT:PSS 
during the solution preparation. The mixture is stirred in air for at least 1 hour to 
ensure well-mixing before being coated on the photoactive layers. 
2.2.2 Sol-gel TiOx  
The sol-gel TiOx precursor solution was prepared by adding an appropriate 
amount of AA drop wise into TTIP under continuous stirring. IPA was then 
added into the mixture as solvent. The volume ratio of TTIP:AA:IPA was set to 
1:0.5:10. The sol was then stirred for at least 2 hours prior to spin coating onto 
the substrate. The as-prepared sol exhibits orange-yellow color, indicating the d-d 
absorption originated from the titanium complex ion formed by the reaction 
between titanium isopropoxide and the stabilizer acetylacetone.[1]  
2.2.3 Chemical bath deposited fluorinated TiOx 
The precursor solution for chemical bath deposited fluorinated TiOx films 
were prepared by mixing appropriate concentration of ammonium 
hexafluorotitanate ((NH4)2TiF6, 99.99%, Aldrich) and boric acid (H3BO3). Both 
solutions were stirred separately for at least 1 hour at room temperature before 
mixing. The stirred solutions were mixed and stirred for at least 15 minutes 
before being inserted into a pre-heated bath with temperature ranging from 22°C 
to 50°C. Glass/ITO substrates were then immersed into the precursor solution for 
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a desired amount of time without stirring. The deposited samples were rinsed 
with de-ionised water. The concentration of (NH4)2TiF6 ranges from 0.01–2.0 M 
and H3BO3 is 0.1–0.3 M. The chemical bath solution becomes cloudy in ranging 
from 20 to 60 minutes depending on the various parameters used. The deposition 
time was counted from the moment the substrates were immersed into the 
chemical bath. The resulting thickness of the film can be controlled from 30 nm 
to 500 nm in the range of 1 to 4 hours of deposition time. Figure 2.1 shows the 
schematic for the experimental setup. The deposited films were annealed at 
180°C (1°C/min, natural cool down) before being transferred into a N2 filled 
glove box for IOSC device fabrication. 
 
Figure 2.1 Experimental setup for chemical bath deposition of F-TiOx electron 
transport layer 
2.3 Donor-acceptor blend 
P3HT:PC61BM blend was made in the ratio 1:0.8 (the concentration of 
P3HT was 15 mg/ml, whereas PC61BM was 12 mg/ml) in 1 ml of 
dichlorobenzene (DCB). The mixed solution was stirred and heated at 60°C 
overnight in a N2 filled glove box prior to spin coating. For inverted OSC, 200 
nm of P3HT:PC61BM was spun onto TiOx at 800 rpm for 30 seconds through a 
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0.45 μm PTFE filter and the wet film was then annealed on a hot plate at 140C 
for 1 minute prior to coating of PEDOT:PSS.  
PTB-7:PC71BM blend was made in the ratio 1:1.5 (the concentration of 
PTB-7 was 12.5 mg/ml, whereas PC71BM was 18.75 mg/ml) in chlorobenzene 
(CB) (96%) and 1,8-diiodooctane (DIO) (4%). The mixed solution was stirred 
and heated at 60°C overnight in a N2 filled glove box prior to spin coating. For 
both conventional and inverted OSC, 100 nm of PTB-7:PC71BM was spun onto 
TiOx at 1600 rpm for 20 seconds through a 0.2 μm PTFE filter and the resultant 
film was then annealed on a hot plate at 60C for 5 minutes prior to further 
coatings.  
SMDPPEH:PC61BM blend was made in the ratio 1:1 (the concentrations 
for both SMDPPEH and PC61BM were 10 mg/ml) in chlorobenzene (CB). The 
mixed solution was stirred and heated at 60°C overnight in a N2 filled glove box 
prior to spin coating. For conventional OSC, 100 nm of SMDPPEH:PC61BM was 
spun onto TiOx at 850 rpm for 60 seconds through a 0.2 μm PTFE filter and the 
resultant film was then annealed on a hot plate at 100C or solvent-annealed 
using chloroform, chlorobenzene or tetrahydrofuran. For inverted OSC, the same 
thickness of SMDPPEH:PC61BM was spun onto TiOx at 850 rpm for 60 seconds 
and no annealing treatments were made prior to coating of PEDOT:PSS. 
2.4 Device Fabrication 
All OSC devices were prepared on pre-patterned indium tin oxide (ITO, 
Xinyan Technology Ltd.) coated glass substrates. The sheet resistance of the ITO 
(thickness: 90  10 nm) was found to be around 15-20 /□. The substrates were 
pre-cleaned using a detergent solution, followed by successive ultrasonication in 
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de-ionized water, isopropanol and acetone for 15 minutes each. The substrates 
were then dried in oven at 60ºC for two hours.  
For conventional OSC devices, 50 nm of PEDOT:PSS was coated onto the 
ITO at 5000 rpm for 60 minutes through a 0.45 μm cellulose filter. The coated 
samples were then transferred into a N2 filled glove box to be annealed at 140°C 
for 20 minutes to remove excessive moisture. Photoactive layers were then 
coated onto PEDOT:PSS and subjected to respective treatments. Ca (30 nm) and 
Al metal (100 nm) were then sequentially evaporated in 410-6 mbar through a 
pre-designed shadow mask, resulting in an active device with an area of 0.09 cm2. 
The completed device architecture is ITO/PEDOT:PSS/photoactive layer/Ca/Al, 
as shown in Figure 2.2a. All the fabrication steps, except coating of PEDOT:PSS, 
were performed inside a glove box of N2 atmosphere (Charslton Technologies,  
1 ppm moisture and O2).  
For inverted OSC devices, TiOx electron transport layer was spin cast or 
chemical bath deposited onto the substrate, followed by an annealing of 180C (1 
C/min, natural cool down). The annealed films were then transferred into the N2 
filled glove box without further treatment and coated with photoactive layer with 
respective treatments (details will be elaborated in respective chapters). 70 nm of 
CFS-31 modified PEDOT:PSS (PEDOT:PSS:CFS-31) was then coated onto the 
active layer in air through a 0.45 μm cellulose filter and annealed at 140C 
(100C when SMDPPEH:PC61BM device is fabricated) in N2 filled glove box. 
Ag metal (100 nm) was then thermally evaporated at 410-6 mbar through a pre-
designed shadow mask, resulting in an active device with an area of 0.09 cm2. 
The architecture of device is glass/ITO/TiOx/photoactive layer/PEDOT:CFS-
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31/Ag, as shown in Figure 2.2b. All the fabrication steps, except coating of 
PEDOT:PSS, were performed inside a glove box of N2 atmosphere (Charslton 
Technologies,  1 ppm moisture and O2). 
 
Figure 2.2 Device architectures with specific materials of (a) conventional and (b) 
inverted organic solar cells used in this thesis 
2.5 Material Characterization Tools 
Morphological aspects of the materials were characterized using scanning 
electron microscope (SEM), atomic force microscope (AFM) and optical 
microscope. All microscopic images were acquired using a JEOL FEG JSM 6700 
F field-emission SEM operating at 15 kV with a built-in energy dispersive X-ray 
(EDX) attachment (Oxford Instruments and Inca software). Thicknesses of all the 
layers were measured using the cross section SEM image. AFM images were 
collected using a Veeco Nano Scope IV Multi-Mode AFM system in tapping 
mode. Optical microscopy images of PEDOT:CFS-31 were taken using an optical 
microscope (Olympus BX 51M).  
Optical properties were characterized with UV-vis spectra obtained using a 
Shimadzu UV-3600 UV-vis spectrophotometer with integrating sphere assembly 
or Agilent Cary 7000 Universal Measurement Spectrophotometer. For 
determination of the material effective bandgap, the absorbance spectra were 
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Chemical properties of the samples were examined by X-ray photoelectron 
spectroscopy (XPS), Raman spectroscopy and Fourier transform infrared 
spectroscopy (FTIR). XPS measurements were performed using 
monochromatized Al-K at 1486.71 eV on a Kratos AXIS UltraDLD system. All 
the spectra were calibrated with respect to the C 1s spectra (C-C bond) at 284.5 
eV and the peaks were fitted using Voigt (Gaussian and Lorentzian) function. 
Investigation of chemical bonds for various organic polymers and small 
molecules were obtained by Raman spectroscopy. The characterizations were 
done using Renishaw inVia microscope with 50× objective in a back-scattering 
configuration. The excitation source was a 514 nm (Ar ion) laser, spectra were 
obtained with a laser power of 0.25 mW and an acquisition time of 15 seconds. 
Fourier transform infrared (FT-IR) spectra of PEDOT:PSS and CFS-31 
fluorosurfactant were acquired on a Shimadzu IR Prestige-21 FT-IR 
spectrophotometer. 
Physical properties of the samples were examined by ultraviolet 
photoelectron spectroscopy (UPS), X-Ray diffraction (XRD) and UV 
photocurrent response. UPS was performed with a Kratos AXIS UltraDLD 
system with a He I (21.22 eV) radiation (VG Scientific ESCALab Mark 2) and 
applied bias of 5 V to separate the signals from samples and detector. The 
binding energies was set zero at the Fermi level. XRD was carried out with 
Philips X-ray diffractometer with Cu Kα radiation (λ = 1.541 Å) on various films 
to obtain their crystallographic information. UV photocurrent response 
measurements were carried out using a Zahner impedance analyzer, equipped 
with a calibrated 365 nm UV light emitting diode (LED) source in ambient 
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condition. The light intensity of the LED, which was regulated by a photo sensor 
in a control loop, was set at 50 Wm-2. The UV light source was time-programmed 
accordingly for periodic power on and off. TiOx/Ag with two parallel Ag contacts 
were used as the measurement device, they were biased at 0.01 V in all 
measurements. 
2.6 Device characterization 
The current density-voltage (j-V) measurements were obtained under 1 sun 
illumination (ABET technologies Sun 2000 solar simulator) whose intensity was 
calibrated using a calibrated silicon reference cell (Fraunhofer ISE). All steady-
state j-V characteristics were recorded with a Keithley 2400 sourcemeter inside a 
N2-filled glove box. All light-soaking treatments were conducted by monitoring 
the j-V characteristics in-situ while illuminating the freshly prepared device 
under AM1.5G.  
The external quantum efficiency (EQE) of the solar cells was measured 
using a system developed by Bentham Instruments Ltd. The required illumination 
light was obtained using a light source (Xenon/halogen) which is coupled to a 
monochromator (TMc300 monochromator). To detect and measure small signals 
accurately, a lock-in ampliﬁer and a built in chopper controller was used. A 
calibrated Si diode with known spectral response was used as a reference.  
Device degradation studies were carried out in various conditions: (1) 
Exposure to air in dark (25ºC, relative humidity 55%, ISOS-D-1 shelf scheme 
[2]); (2) Exposure to AM1.5G illumination in N2 filled glove box and; (3) 
Continuous illumination by solar simulator light source in ambient condition. The 
light-soaking treatment was done using the same lamp source, where the devices 
were continuously illuminated and data were periodically acquired.  
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Chapter 3 Novel fluorosurfactant modified PEDOT:PSS hole 
transport layer to address the wettability issue  
3.1 Introduction 
In this chapter, the prevalent wettability issue of coating PEDOT:PSS onto 
the photoactive layer in inverted organic solar cells, as discussed in section 1.5.1, 
will be addressed by introduction of a new fluorosurfactant, Capstone® 
Dupont™ FS-31 (CFS-31) as an additive to the PEDOT:PSS HTL. Through the 
improvement of surface wettability, this work aims to highlight that the presence 
of CFS-31 to (i) improve the device performance of solution-processed TiOx 
IOSCs; (ii) enable proper PEDOT:PSS coating onto P3HT:PC61BM without 
additional surface treatments; (iii) provide invariant optimal device parameters 
such as thickness of TiOx ETL and; (iv) form better energy alignment that results 
in an stable device performance for at least 1000 hours when exposed to ambient 
atmosphere. The highlight of this work was reported in Journal of Materials 
Chemistry, 2012, 22, 25057-25064.[1] 
3.2 Experimental  
Detailed descriptions on the materials and equipments used in this work 
were outlined in Chapter 2. Briefly, Titanium isopropoxide (TTIP), acetylacetone 
(AA) and isopropanol (IPA) were used to prepare the sol-gel TiOx with volume 
ratio (TTIP:AA:IPA) of 1:0.5:5. IOSC based on P3HT:PC61BM (1:0.8, in DCB) 
were prepared on a pre-cleaned and pre-patterned ITO. Firstly, TiOx sol was spin 
cast onto the substrate, followed by hydrolysis in air under a controlled condition 
of RH 45 ± 2 %, 22°C. The hydrolyzed films were then annealed at 180°C (1 
C/min). Secondly, the annealed films were transferred into a N2 filled glove box 
and ~200 nm of P3HT:PC61BM was then coated at 800 rpm for 30 seconds. The 
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resultant wet film was then annealed on a hot plate at 140C for 1 minute. Thirdly, 
70 nm of PEDOT:PSS:CFS-31 (with concentration of 0 v/v% to 15 v/v%) was 
then coated onto the active layer in air at 5000 rpm for 60 seconds and annealed 
at 140C for 1 minute in N2. Finally, a metal contact with 0.09 cm2 was formed 
by thermally evaporating Ag metal (100 nm) through a shadow mask. The 
chamber pressure during the evaporation was around 210-6 mbar. The finished 
device possesses an architecture of glass/ITO/TiOx/ 
P3HT:PC61BM/PEDOT:PSS:CFS-31/Ag. Figure 3.1 shows the resulting energy 
level diagram in flat band condition and its device architecture. The energy levels 
for P3HT:PC61BM, Ag and other layers were obtained from [2], [3] and [4], 
respectively. Device degradation studies were carried out by storing the device 
under ambient atmosphere (25°C, relative humidity 55%). 
 
 
Figure 3.1 (a) Energy level diagram at flat-band condition and; (b) schematic 





3.3 Effect of CFS-31 addition to the chemical structure of 
PEDOT:PSS 
Fourier Transform Infrared Spectroscopy (FTIR) was conducted to better 
understand whether the fluorosurfactant CFS-31 has any effect on the molecular 
structure of PEDOT:PSS. The spectra were acquired using the attenuated total 
reflectance (ATR) mode in solution form. Figure 3.2 shows the comparison of the 
FTIR spectra for PEDOT:PSS, CFS-31 and PEDOT:PSS:CFS-31 (5.5 v/v%). In 
all samples, it is not surprising to observe both vibrational () and stretching () 
mode for O-H bonds at 1640 and 3300 cm-1 respectively because both 
PEDOT:PSS and CFS-31 were dissolved in water. Furthermore, two unique C-S 
stretching modes at 1087 and 1196 cm-1 were observed in PEDOT:PSS spectrum 
(black, bottom), originating from the thiophene groups in the material. Two 
unique C-F stretching modes at 1147 and 1245 cm-1 were observed in CFS-31 
spectrum (red, middle), originating from the hydrophobic C-F tail of the 
fluorosurfactant. When 5.5 v/v% of CFS-31 is added to PEDOT:PSS (green, top), 
a superimposed spectrum was obtained without any observable peak shift. Since 
the vibrational frequency of FTIR is directly proportional to the bond strength 
and inversely proportional to the effective mass (see Equation 3-1), an absence of 
peak shift may signify that the addition of CFS-31 fluorosurfactant to 
PEDOT:PSS does not alter the chemical structures of PEDOT:PSS. Therefore, 
we can conclude that the addition of CFS-31 into PEDOT:PSS contributes only 
to the improved wettability of the hydrophilic PEDOT:PSS onto hydrophobic 










  3-1 
  = wavenumber = 1/ [cm-1] 
µ = effective mass of the atoms undergoing oscillation [kg/atom]  
k = force constant of chemical bonds (N m-1)  
 
 
Figure 3.2 FTIR spectra for PEDOT:PSS (black, bottom), CFS-31 fluorosurfactant 
(red, middle) and combination of PEDOT:PSS and CFS-31 (green, top). The 
demarcated peaks are labeled according to the different associated modes of the 
chemical bond. 
3.4 Optimization of the electron transport layer (TiOx) 
3.4.1 Effect of TiOx crystallinity on the device performance 
The as-spun, hydrolyzed sol-gel TiOx film is subjected to various annealing 
temperatures to investigate the effect of crystallinity on the device performance. 
It is well understood that crystalline TiO2 provides better electrical properties 
when compared to its amorphous counterpart.[5] However, it is not feasible to be 
used in the application of inverted organic solar cells; TiOx only starts to 
crystallize into anatase phase at a temperature of 300°C [6] and such high 
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temperature is detrimental to the conductivity of ITO. Furthermore, such high 
temperature would hinder the usage of the material with flexible substrates such 
as PET, PEN and PES, which could only withstand maximum temperature of 
120-190°C.[7] In fact, when ITO is annealed at various temperatures, the 
resistance changes dramatically even at temperature higher than 200°C (see Table 
3.1). Indeed, when they are used to fabricate devices, the performance is greatly 
affected (see Table 3.2). Hence, an amorphous TiOx film seems to be the most 
suitable for optimal photovoltaic applications. In fact, Heeger et al. have reported 
an organic solar cell based on PCDTBT:PC71BM with amorphous sol-gel TiOx 
film which still provide a decent device performance of 6%.[8] As a result, an 
amorphous form of sol-gel TiOx ETL, which was annealed at 180°C, will be used 
in this work. 
Table 3.1 Effect of ITO resistance after various annealing temperatures. 




180 60 60 0 
250 54 71 31.5 
450 60 167 178 
 
Table 3.2 Performance of inverted devices subjected to various TiOx annealing 
temperatures at 5.5 v/v% CFS-31 concentration. The error values are the 






[ 30 mV] 
jsc  
[ 0.5 mA/cm2] 
FF  
[ 2.8 %] 
  
[ 0.2 %] 
180 613 8.0 63.0 3.1 
250 542 8.6 47.4 2.2 





3.4.2 Effect of TiOx thickness on the device performance 
The presence of a selective electron transport layer (ETL) in IOSC devices 
is as important as the presence of a selective hole transport layer (HTL). A 
systematic study on the variation of the thickness of the TiOx ETL layer on the 
device performance was conducted. The variation in the TiOx thickness was 
achieved by varying the spin coating speed of the precursor solution. Figure 3.3 
and Table 3.3 show Voc, jsc, fill factor and efficiency with varying TiOx thickness. 
The device shows optimal performance in the thickness range (TiOx) of 130~140 
nm. In the absence of TiOx ETL, large amount of interfacial recombination occurs, 
giving rise to poor selective charge extraction to the ITO.[9] This effect is 
strongly reflected in the low Voc and jsc observed in the device. At optimal 
thickness of 130 nm, TiOx not only effectively performs the role of an ETL but 
also acts as a protective layer for the donor-acceptor blend from the attack of 
superoxides or hydrogen peroxide caused by UV light.[10] The superoxides and 
hydrogen peroxides from air and moisture aggressively attack the P3HT:PC61BM 
layer and deteriorate the device stability.[11] Furthermore, the amorphous TiOx 
used in this study contains large amount of sub-band trap states. Above the 
optimal thickness, these impurities slightly absorb visible light and hence lower 
the overall amount of light absorbed by the photoactive P3HT:PC61BM layer.[10] 
TiOx at its optimal thickness is able to provide proper UV filtering effect without 
significantly decreasing visible light absorption of P3HT:PC61BM. As a result, a 
device efficiency of 2.9% was obtained TiOx at the thickness range of 130-140 




Figure 3.3 Device performance showing (a) Voc (b) jsc (c) fill factor and (d) efficiency 
of inverted devices with 5.5 v/v% CFS-31 concentrations at various TiOx 
thicknesses. 
Table 3.3 Photovoltaic parameters of the P3HT:PC61BM inverted organic solar cells 
studied at various TiOx thickness. Device structure for the inverted organic solar 
cells: ITO/TiOx/P3HT:PC61BM/PEDOT:PSS:CFS-31/Ag. The active area of all the 
cells was 0.09cm2. The error values are the maximum standard deviation obtained 
in the datasets over at least 5 reproducible devices. The optimal thickness region is 















0 318 5.2 32.5 0.5 
130 605 7.5 64.0 2.9 
140 613 7.6 60.8 2.8 
160 598 7.5 60.9 2.7 
190 605 7.4 60.2 2.7 
270 609 7.3 61.4 2.7 
280 598 7.6 56.2 2.6 
320 556 7.3 58.7 2.4 





3.5 Effect of CFS-31 concentration 
3.5.1 j-V characteristics 
Figure 3.4 and Table 3.4 show the device performance of inverted BHJ 
cells with PEDOT:PSS hole transport layer as a function of varying concentration 
of CFS-31. All data were collected and averaged for at least 10 reproducible solar 
cells. As shown in Figure 3.4, an optimal region of 4 to 8 v/v% CFS-31 in 
PEDOT:PSS is required for high device performance. The amount of CFS-31 
required to achieve an optimal device performance can be controlled with relative 
ease.  
When the surfactant concentration is low (0-4 v/v%), high surface tension 
exists between the hydrophilic PEDOT:PSS and the hydrophobic P3HT:PC61BM, 
resulting in a non-wetting and non-uniform film. Large amount of surface defects 
that are present between the two layers inherently causes high leakage current 
and high sheet resistance, resulting in a low fill factor and consequently poor 
efficiency. In this regime (0-4 v/v%), the device contains no or poor coverage of 
HTL on P3HT:PC61BM (see Figure 3.7 a-d). The absence of hole selectivity 
between the P3HT:PC61BM/Ag interface increases the interfacial recombination 
losses significantly. As the surfactant concentration increases towards 4 v/v%, a 
more uniform layer of PEDOT:PSS starts to form, resulting in a well-defined 
hole extraction layer. This well-defined layer results in an overall increase in the 
Voc, jsc and fill factor.   
In the optimal surfactant concentration region (4 – 8 v/v%), the device had 
an efficiency of 3.1% which is higher than the previously reported solution 
processed TiOx ETL IOSCs (P3HT:PC61BM as photoactive layer) using various 
other additives.[10, 12, 13] The enhanced device efficiency compared to devices 
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with low surfactant concentration (less than 4 v/v%) is attributed to a less 
significant hindrance of PEDOT conductive pathway imposed by the CFS-31 
molecules. This will consequently form films with low defects and high 
uniformity, giving high fill factor of 66% that is close to the predicted theoretical 
maximum for P3HT:PC61BM based devices.[14] Relatively better charge carrier 
transfer and extraction with minimal bi-molecular and interfacial recombination 
is observed within this concentration regime, resulting in a high jsc. Furthermore, 
Voc is very close to the effective bandgap of P3HT and PC61BM, suggesting a 
good ohmic contact throughout the device.[15]  
In the case of high surfactant concentration (> 8 v/v%), jsc becomes 
detrimental to device performance (Figure 3.4). This observation is attributed to 
the hindrance in hole conduction pathway of PEDOT by surfactants molecules 
(see Figure 3.7). The blockage in the pathway of the carriers (holes) before 
collection at the Ag electrode induces large amount of bi-molecular 
recombination losses that gradually decreases the jsc of the device. This 





Figure 3.4 Device performance showing (a) Voc (b) jsc (c) fill factor and (d) efficiency 
of ITO/TiOx/P3HT:PC61BM/PEDOT:PSS:CFS-31/Ag IOSC with various CFS-31 





Table 3.4 Photovoltaic parameters of the P3HT:PC61BM inverted organic solar cells 
studied under different conditions (jsc: short-circuit current density, Voc: open-
circuit voltage, FF: fill factor). Device structure for the inverted organic solar cells: 
ITO/TiOx/P3HT:PC61BM/PEDOT:PSS:CFS-31/Ag. The active area of all the cells 
was 0.09cm2. The error values are the maximum standard deviation obtained in the 
datasets over at least 10 reproducible devices. The optimal region for efficient IOSC 





[ 20 mV] 
jsc  
[ 0.6 mA/cm2] 
FF  
[ 6.1 %] 
 
[ 0.3%] 
0.0 318 5.2 32.5 0.5 
0.5 308 4.8 27.8 0.4 
1.0 503 5.2 35.9 0.9 
1.5 623 7.2 44.1 2.0 
2.0 600 7.8 49.5 2.3 
3.0 600 7.4 54.9 2.4 
3.5 607 7.8 54.9 2.6 
4.0 594 8.0 63.6 3.0 
4.5 605 8.2 62.6 3.1 
5.0 613 8.0 63.0 3.1 
5.5 607 7.8 65.4 3.1 
6.0 612 7.6 65.0 3.0 
8.0 599 7.8 65.4 3.1 
10.0 603 7.2 61.3 2.7 
15.0 593 6.2 59.2 2.2 
   
 
 
The variation in the observed fill factor in the range of surfactant 
concentrations used in this study can be explained by the corresponding j-V 
characteristics and resistances of representative samples under illumination as 
shown in Figure 3.5a and b. Since the resistivity in OPV devices is electric field 
and area dependent, the shunt resistance (Rsh) was extracted by averaging dV/dI 
around zero bias (V=0) condition whereas the series resistance (rs) was extracted 
around Voc of the respective device.[9] A large gradient (dV/dI) at V=0 (large Rsh) 
indicating to low leakage current is desired as this implies low defect interfaces. 
On the other hand, low gradient (dV/dI) at V=Voc (low rs) is desired as this 
translates to good lateral connection within the same layers for better charge 
extraction. In the absence of surfactant, almost no PEDOT:PSS was coated on 
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P3HT:PC61BM and as a consequence a high barrier between HOMO of P3HT 
and Ag is formed (see Figure 3.7).This results in a large leakage current 
(RshA=0.15 kΩcm2) and large series resistance (rsA=42.8 Ωcm2) (the device 
active area is 0.09 cm2). A thick and non-uniform PEDOT:PSS layer was formed 
in low surfactant concentration regime (0.5 – 1 v/v%) and this has direct 
influence on the series resistance of the device. As evidenced in Figure 3.5b, 
there is an increase in the series resistance of the device in this regime and also a 
large leakage current (low shunt resistance, RshA = 0.11 kΩcm2). This high 
leakage current is due to the huge amounts of defects present in the film. 
Furthermore, the inferior PEDOT:PSS film formation on P3HT:PC61BM caused 
by poor adhesion is  an issue for lateral conduction (rsA= 54.5 Ωcm2). When the 
surfactant concentration increases beyond 1.0 v/v%, a sharp increase in the shunt 
resistance and a decrease in series resistance were observed. The PEDOT:PSS 
film slowly becomes more uniform and less defective as the surfactant 
concentration increases, giving rise to high shunt resistance which stabilizes at 
around 1-1.4 kΩcm2. Correspondingly, the series resistance also decreases from 
69.8 Ωcm2 to 12.6 Ωcm2. The series resistance indeed increases slowly when the 
concentration of the surfactant increases beyond 5.5 v/v% and this leads to a 
slight decrease in the fill factor of the device. However, the cause for the reduced 
device performance is still attributed predominantly to the reduction in jsc. For the 
purpose of further device analysis, sample with 5.5% CFS-31 was chosen. The 
corresponding device performance (sample with 5.5 v/v% CFS-31 ) is as follows: 
Voc= 607 mV, jsc= 7.8 mA/cm
2, fill factor (FF)= 65% and efficiency ()= 3.1%. It 
is noteworthy that, CFS-31 modified PEDOT:PSS devices provide the best 
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device performance compared to isopropanol [10] or Zonyl FS-300 [17] added 
PEDOT:PSS device at a TiOx thickness of ~100 nm, as shown in Table 3.5. 
 
Table 3.5 Device performance of inverted organic solar cells with device 
architecture ITO/TiOx/P3HT:PC61BM/(PEDOT:PSS + additives)/Ag using various 












PEDOT:PSS + IPA 580 6.3 55 2.1 [10] 
PEDOT:PSS + Zonyl FS300 560 7.9 48 2.2 [17] 
PEDOT:PSS + CFS-31 607 7.8 65 3.1 This work 





Figure 3.5 (a) Illuminated j-V Characteristics of representative devices with various 
CFS-31 surfactant concentration; (b) shunt and series resistance of corresponding 
devices extracted from (a), the lines connecting the data points only serves as a 
guide to the eye.  
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3.5.2 External quantum efficiency 
Figure 3.6a shows the external quantum efficiency (EQE) of devices with 0 
v/v% and 5.5 v/v% fluorosurfactant concentration. EQE of around 25% and 53% 
were observed for the devices with 0 v/v% and 5.5 v/v% fluorosurfactant 
concentration respectively. An enhancement of 212% was observed with 5.5 v/v% 
fluorosurfactant concentration. Generally, low device EQE can be attributed to a 
lack of good absorption, charge separation or carrier extraction (effect of charge 
transport, contacts and recombination) as it is generally a combination of all the 
above processes. To better understand which of these above mentioned factors 
contribute to the observed increased EQE, UV-vis absorption (to evaluate charge 
generation) and photoluminescence (to evaluate charge dissociation) were carried 
out. Since there is no appreciable difference in the UV-vis absorption spectra and 
photoluminescence for these two devices formed under identical conditions (see 
Figure 3.6b and c), it is safe to assume both devices have identical charge 
generation and charge separation. This observation suggests that an inferior 
carrier extraction in the 0 v/v% surfactant device is the most probable reason for 
the observed low quantum efficiency. Since inferior carrier extraction is often 
caused by various loss mechanisms such as bi-molecular recombination, charge 
trapping and trap-assisted recombination [18-21], a correspondingly lower jsc 




Figure 3.6 (a) External quantum efficiency (EQE) and; (b) Absorption spectrum of 
devices with 0 v/v% (black solid line) and 5.5 v/v% (red dashed line) CFS-31 
concentrations. Both absorption spectra show high resemblance to each other; (c) 
Photoluminescence spectra of the same samples compared with a P3HT only coated 
film (blue). The P3HT only device was fabricated by coating 15 mg/ml P3HT in 
DCB on a pre-cleaned ITO. The PL intensity spectra for both CFS-31 
concentrations also show a high resemblance to each other. 
3.5.3 Morphology 
Figure 3.7a-h show the optical microscopy images taken with 5× 
magnification of the PEDOT:CFS-31 on P3HT:PC61BM film. The morphology 
observed shows a strong correlation to the device performance. When no CFS-31 
is added (Figure 3.7a), the high surface tension prevents PEDOT:PSS to adhere 
onto P3HT:PC61BM, giving high contact angle and hence resulting in almost no 
PEDOT:PSS layer successfully coated. As a result, only P3HT:PC61BM layer is 
observed. In low surfactant concentration ranging from 0.5 to 1 v/v% (Figure 
3.7b and c), large fractals appear, indicating a poor coverage onto P3HT:PC61BM. 
The observed morphology strongly correlates to the corresponding poor 
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performance of the device as discussed previously. Once a layer of PEDOT:PSS 
film is able to fully cover the P3HT:PC61BM layer without fractals (observed 
from 1.5 v/v% CFS-31 onwards, representative image is shown in Figure 3.7d), 
the device Voc increases to  600 mV and becomes independent to the amount of 
surfactant. However, the PEDOT:PSS at this stage is still not yet well phase-
separated. The phase separation of PEDOT and PSS chains is crucial for PEDOT 
to form conductive channels which enhances the charge carrier transport.[16]  
In the optimal region (5.5% surfactant concentration, Figure 3.7e), film 
with bright (yellow) network and dark (orange) region was observed. The bright 
networks and dark clusters are attributed to the PEDOT network and PSS 
agglomerates respectively. Based on AFM imaging studies, it is known that the 
PEDOT tends to form three dimensional networks and PSS tends to form 
agglomerates.[22, 23] Bao et al. reported that the addition of moderate amount of 
non-ionic fluorosurfactant such as Zonyl FS-300 also promotes phase segregation 
of the PEDOT and PSS.[16] Thus, by correlating this image with the device 
performance, one can infer that CFS-31 also promotes PEDOT:PSS phase 
segregation which results in the formation of well- defined PEDOT conduction 
pathways, maintaining a proper contact with the P3HT:PC61BM photoactive layer 
at the same time. The low root-mean-square roughness (rrms~3.2 nm) shown in 
the corresponding atomic force microscopy (AFM) height image in Figure 3.8 
further reaffirms the existence of good contact between PEDOT:PSS and 
P3HT:PC61BM.  
Further increase in the concentration (Figure 3.7f-h) promotes the phase 
segregation while having conduction pathways blocked by the surfactant 
molecules. The blocking effect is especially evident in device with 15 v/v% 
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surfactant concentration by the formation of maze-like networks formed on the 
PEDOT:PSS film (see Figure 3.7h). As seen from the optical microscopy image, 
increase of surfactant concentration eventually forms hindrance of PEDOT:PSS 
network by the surfactant molecule. It was also reported earlier that excess Zonyl 
FS-300 added to PEDOT:PSS would cause detrimental effect to the film 
morphology.[16] Therefore, any further addition of CFS-31 would have a 
detrimental effect on the device performance and indeed the observation could be 
correlated to the significant decrease in the device jsc as shown in Figure 3.4b.  
In addition, by using CFS-31 alone, the PEDOT:PSS lies within the wetting 
envelope of P3HT:PC61BM (minimum wetting surface tension, ~28 mN/m) 
without requiring additives such as isopropanol.[17, 24] It is also worth 
mentioning that there is no need for further surface treatment with UV-ozone, 
which is highly detrimental to the device performance, to reduce the surface 
energy of P3HT:PC61BM. This surface treatment is known to form undesired 
oxygen induced traps in the photoactive layer.[25] On account of the observed 
advantages stated above, this novel fluorosurfactant seems to be better than the 
conventional Zonyl FS-300 fluorosurfactant, which requires further additive 




Figure 3.7 Optical microscopy images showing P3HT:PC61BM/PEDOT:CFS-31 
with (a) 0% (b) 0.5% (c) 1.0% (d) 3.0% (e) 5.5% (f) 8.0 % (g) 10.0% (h) 15.0%  





Figure 3.8 Atomic force microscope (AFM) images showing (a) 2D topographical 
image (b) 3D topographical image and (c) 2D surface profile corresponds to the 
region demarcated by the horizontal line in (a) for surface of PEDOT:PSS:CFS-31 
with 5.5 v/v% CFS-31 concentration. 
3.5.4 Device stability 
The addition of the new surfactant into PEDOT:PSS shows no detrimental 
effects to the stability of the inverted device (Figure 3.9). The device has superior 
stability over non-encapsulated non-inverted devices, which degraded to 50% of 
its initial value in less than 3 hours after exposure to air (Figure 3.9 inset). The 
inverted devices were light-soaked for approximately 10 to 20 minutes for trap-
filling, depending on the exposure time to air, before recording the device 
parameters.[2, 12, 26, 27] A sample with an optimized concentration of CFS-31 
(5.5%) is able to retain almost 75% of its initial device performance even after 
400 hours when exposed to ambient air without encapsulation. This reveals that 
the Capstone® FS-31 has no detrimental effect to the photoactive layer, 
P3HT:PC61BM. The observed degradation of the device efficiency is mainly 
caused by the continual decrease in jsc. This is attributed to the change in both 




During the initial exposure in air, the device efficiency increases by up to 
25% compared to freshly prepared cells. There is an initial increase in the Voc and 
fill factor but a decrease of jsc with time. Lloyd et al. also observed similar 
phenomenon without using PEDOT:PSS.[28] The initial increase in the 
efficiency for the as-fabricated device, stored under ambient condition is 
attributed to the oxidation of silver to silver oxides. This results in a shift of the 
work function to approximately 5 eV with respect to the vacuum level, which in 
turn increases the Voc.[3, 28] Detailed studies are required to further understand 
the mechanism. Nevertheless, the addition of CFS-31 to PEDOT:PSS improves 
the wettability without having any detrimental effects on the photoactive layer. 
After exposing the devices in air for 600 hours, the metal electrode started 
deforming. From Figure 3.9b, we can observe the corrosion of Ag electrode 
occurs, most probably due to the hygroscopic PEDOT:PSS, which significantly 
reduces the device efficiency. At this stage, the device efficiency has reached 
lower than 50% of its maximum performance. Upon long exposure hours, the 
highly acidic and oxygen permeable PEDOT:PSS would readily oxidize and 
corrode the metal.[29, 30] From our experimental result we can see that the 
corrosion took place from the edge of the metal contact (see pictures in Figure 
3.9a), deforming the square contact (at 0 hour of exposure) to round-edged 
contacts (600 hours of exposure). In general, PEDOT:PSS based device is 
unstable when compared with a non-PEDOT:PSS based hole transport material 
such as MoOx, V2O5, WOx.[31-35] Thus, more works may be done to prevent the 




Figure 3.9 (a) Normalized Voc, jsc, fill factor and efficiency of 
ITO/TiOx/P3HT:PC61BM/PEDOT:PSS:CFS-31/Ag with 5.5  v/v% CFS-31 
concentration under subsequent exposure in N2 (first 24 hours) and in air 
(subsequent exposure time) without encapsulation. The parameters were 
normalized by their respective maximum values. The pictures on the left shows the 
freshly exposed IOSC while the one on the right shows the same device exposed to 
air after 600 hours; (b) Normalized efficiency of a non-inverted device 






A new type of fluorosurfactant for PEDOT:PSS, Capstone® Dupont™ FS-
31 (CFS-31), was proposed as an alternative for conventional additives in IOSCs 
to overcome the fabrication issue. Smooth and uniform films that lie within the 
wetting envelope of P3HT:PC61BM was achieved by CFS-31 alone without the 
need of detrimental UV ozone treatment on P3HT:PC61BM prior to coating. The 
modification of PEDOT:PSS by CFS-31 did not alter its chemical structure. 
Furthermore, addition of CFS-31 to PEDOT:PSS exhibits no detrimental effect to 
the device hole transport behavior. This work has demonstrated that solution 
processed IOSC using CFS-31 modified PEDOT:PSS hole transport layer exhibit 
an efficiency up to 3.1%, higher than that of the existing additives reported 
previously. At least 75% of the initial performance was preserved after a 400-
hour exposure in air without encapsulation. All these attributes of CFS-31 
highlights its advantages over many other additives. In conclusion, the 
Capstone® Dupont™ FS-31 seems to be beneficial for overcoming the 
wettability issues encountered in the fabrication of solution-processed inverted 
organic photovoltaic devices.  
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Chapter 4 Addressing the light soaking issue: Chemical bath 
deposited fluorinated TiOx electron transport layer 
4.1 Introduction 
In this chapter, the use of chemical bath deposited fluorinated TiOx (F-TiOx) 
as electron transport layer in P3HT:PC61BM based inverted organic solar cell 
(IOSC) to address the inherent light soaking issue is demonstrated. Without 
affecting the device efficiency, the light-soaking time was reduced by more than 
tenfold compared to conventional sol-gel coated TiOx as electron transport layer. 
A detailed study on the film growth mechanism, film characterization, device 
performance, light-soaking characteristics and device stability were carried out. A 
model from the perspective of ITO/TiOx interface, based on UPS and transient 
photoconductivity measurements was suggested to explain the origin of reduction 
in the light soaking time. Parts of this work have been published in Journal of 
Materials Chemistry A, 2015, 3, 314-322. 
4.2 Experimental 
Detailed descriptions on the materials and equipments used in this work 
were outlined in Chapter 2 of this thesis. Briefly, F-TiOx deposition was carried 
in a chemical bath containing appropriate concentration of (NH4)2TiF6 and 
H3BO3 at temperature ranging from 22°C to 50°C. Glass/ITO substrates were 
then immersed into the precursor solution for a desired amount of time. The 
deposited samples were then rinsed with de-ionised water. The concentration of 
(NH4)2TiF6 ranges from 0.01M to 2.0 M and H3BO3 concentration is varied 
between 0.1 M to 0.3 M. The resulting thickness of the film can be controlled 
from 30 nm to 500 nm in the range of 1 to 4 hours of deposition time. Figure 4.1 
shows the schematic of the experimental setup. The deposited films were 
annealed at 180°C (ramp rate of 1°C/min) to remove the water content and 
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oxygen vacancy in the as-grown film.[1] For sol-gel TiOx/F-TiOx samples, the 40 
nm of sol-gel precursor was first coated on ITO, hydrolyzed for 2 hours and then 
annealed at 180°C for 1 hour in air. After that, 40 nm of F-TiOx was chemical 
bath deposited onto the sol-gel TiOx in the abovementioned chemical bath and 
was then annealed at 180°C for 1 hour before transferring into a N2 filled glove 
box. For F-TiOx/sol-gel TiOx samples, the 40 nm of F-TiOx was chemical bath 
deposited onto the sol-gel TiOx in the abovementioned chemical bath and later 
annealed at 180°C for 1 hour. After that, 40 nm of sol-gel precursor was first 
coated on ITO, hydrolyzed for 2 hours and annealed at 180°C for 1 hour before 
transferring into a N2 filled glove box.  
 
 
Figure 4.1 Experimental setup for chemical bath deposition of electron transport 
layer  
Inverted organic solar cells were fabricated by spin coating 200 nm of 
P3HT:PC61BM on the chemical bath deposited F-TiOx at 800 rpm for 30 s and 
was then annealed at 140°C for 1 min. Next, 70 nm of PEDOT:PSS:CFS-31 was 
coated onto the P3HT:PC61BM at 5000 rpm for 60 s. Ag electrode (100 nm) was 
thermally evaporated. The device architecture was ITO/F-
TiOx/P3HT:PC61BM/PEDOT:PSS-CFS31/Ag, as shown in Figure 4.2. The 
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corresponding cross section SEM image of the device is mapped to the 
schematics in the same figure. IOSC device with architecture ITO/sol-gel 
TiOx/P3HT:PC61BM/PEDOT:PSS-CFS31/Ag, which was reported in Chapter 3, 
was used as a control device in this work. 
 
Figure 4.2 Illustration of the device architecture for inverted organic solar cells 
investigated in this study (left) and the corresponding cross section SEM image 
(right). 
 
4.3 Film Characterization 
4.3.1 Deposition of F-TiOx onto Glass/ITO substrates 
The deposition reaction in CBD consists of hydrolysis equilibrium reaction 
of the metal-fluoro complex ((NH4)2TiF6 in this case) and the consumption 
reaction of F- from its ion scavenger (H3BO3 in this case). For the hydrolysis 
reaction, Deki et al. proposed the following reaction scheme [2]: 







6 )(  4-A 
The addition of H3BO3 readily reacts with the F
- ion produced in reaction 
4-A to form a more stable ion complex BF4
-, as shown in reaction 4-B. According 
to the law of mass action, the equilibrium of reaction 4-A will shift to the right 
due to the consumption of F- ions. According to their studies, Deki et al. have 
shown that apart from reacting with free F- ions, BO3
3- would also react with the 
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F- in the [TiF6-n(OH)n]
2-. This reaction would trigger the formation of [Ti(OH)6]
2-, 
which forms TiOx after dehydration (reaction 4-C).[2] Nucleation of TiOx will 
occur in the chemical bath, causing the solution to become cloudy. Due to the 
environment of the chemical bath, fluorine ions will readily adsorb onto the TiOx 



























Since the deposition of F-TiOx electron transport layer for organic solar cell 
application was not previously reported, the optimal precursor concentration and 
the optimal F-TiOx thickness for maximum efficiency () were determined. The 
above processes are affected by various factors such as concentration of 
precursors, bath temperature and deposition time. Before fabricating the IOSC 
devices, it is imperative to obtain a correlation of the deposition parameters with 
various parameters such as film morphology and optical properties. 
4.3.2 Deposition of F-TiOx at various precursor concentrations 
A series of experiments to investigate the deposition rate, thickness and 
morphology were conducted. Firstly, the concentration of (NH4)2TiF6 and H3BO3 
were varied from 0.01 M to 0.2 M and 0.1 to 0.3 M, respectively. Figure 4.3 
shows the thickness and deposition rate of the resulting F-TiOx film by varying 
the concentration of (NH4)2TiF6 while the concentration of H3BO3 was kept 
constant at 0.2 M. The resulting thickness and estimated deposition rate are 
summarized in Figure 4.3 and Table 4.1. The deposition rate increases as 
(NH4)2TiF6 concentration increases from 0.01 M to 0.05 M, and gradually 
decreases as the precursor concentration further increases. The highest deposition 
rate of 65 nm/h occurs at 0.05 M (NH4)2TiF6 and 0.2 M H3BO3. When the 
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(NH4)2TiF6 concentration is low (0.01 M - 0.02 M), the film growth rate is non-
linear; the film thickness saturates at 40 nm after 1 hour and 80 nm after 2 hours, 
respectively. F-TiOx film still forms at the initial reaction due to F- scavenging 
action by H3BO3 but subsequently halts due to inadequate TiF6
2-
 ions for F-TiOx 
formation. The results suggest that at least 0.02 M of (NH4)2TiF6 is required for 
continuous film formation within the first 4 hours. Hence, for 0.01 M and 0.02 M 
of (NH4)2TiF6, the thickness of the film saturates at ~40 nm after 1 hour and ~80 
nm at 2 hours, respectively. When the concentration of the precursor is too high, 
the F- scavenging rate (reaction 4-B) decreases due to insufficient BO3
3- ion 
availability; this will shift the reaction equilibrium of reaction 4-C to the left. 
Since the desired thickness for electron transport layer of IOSC ranges from 20 to 
130 nm [3-6], (NH4)2TiF6 with concentration between 0.05 M to 0.15 M is of 
particular interest. 
 
Figure 4.3 (a) Deposition thickness over 4 hours and; (b) Deposition rate of 
deposited F-TiOx under various Ti precursor concentration and fixed 0.2 M H3BO3 
concentration at a bath of 40°C. The data with linear growth regions were fitted 





Table 4.1 Growth of the chemical bath deposition with various (NH4)2TiF6 












37 Stabilized after 1h 







To gain a broader understanding on the film growth behavior, the region of 
concentration of (NH4)2TiF6  of 0.05 M to 0.15 M was studied under a variation 
of concentration of H3BO3 from 0.1 M to 0.3 M. Figure 4.4 and Table 4.2 show 
the summary of the film growth at 40°C.  When H3BO3 concentration is 0.1 M, 
the deposition rate is generally lower compared to those with 0.3 M H3BO3. At 
low BO3
3- concentration (0.1 M), the equilibrium of reaction 4-B shifts to the left 
due to inadequate BO3
3- ions and slows down the formation of F-TiOx (Reaction 
4-C). An induction period (period when there is no growth at the initial stage) 
was observed in all samples with 0.1 M H3BO3, at which the BO3
3- ions are still 
scavenging the free F- ions in the chemical bath.[2] For 0.05 M (NH4)2TiF6, the 
induction period was approximately 2 hours and after which the film growth 
takes place. For the other two samples (0.1 M and 0.15 M (NH4)2TiF6), the 
induction period seems to more than 4 hours, given that there is essentially no 
film deposition observed within the experimental time frame. At higher H3BO3 
concentration (0.3 M), the excessive BO3
3- ions would shift the equilibrium of 
reaction 4-B to the right, accelerating the formation of F-TiOx film (Reaction 
4-C). Due to the sufficient BO3
3- ions, the growth rate is linear with short 
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induction period (< 1 hour). When combining with the results obtained with 0.2 
M H3BO3, we can see a gradual increase in the deposition rate as H3BO3 
concentration increases (see Figure 4.4b and Table 4.2). This result is consistent 
with the discussion on the reaction equilibrium of the formation mechanism of F-
TiOx as discussed in section 4.3.1.  
 
Figure 4.4 (a) Deposition thickness over 4 hours and; (b) Deposition rate of 
deposited F-TiOx under various (NH4)2TiF6 (0.05 – 0.15 M) and H3BO3 (0.1 – 0.3 M) 
concentrations at a chemical bath of 40°C. The film growth characteristics were 





Table 4.2 Growth of the chemical bath deposition with 0.05 M – 0.15 M of 
























Linear growth 0.10 81 
0.15 90 
4.3.3 Film morphology of F-TiOx at various precursor concentrations 
The study in section 4.3.2 provided a guideline for an optimal F-TiOx film 
from the perspective of deposition rate. However, the film morphology of the 
ETL is also very critical as it determines whether a proper selective contact is 
established with the adjacent photoactive layer. Thus, it is important to correlate 
the deposition rate of F-TiOx with its film morphology. From the SEM 
topographic images, it can be observed that there are three types of morphologies: 
islands, cracks and planar. F-TiOx islands are formed when low Ti precursor 
concentration is used (see Figure 4.5). On one hand, when there is low 
concentration of (NH4)2TiF6 compared to H3BO3 (Figure 4.5 a-d), the availability 
of TiF6
2- ions is insufficient for F-TiOx formation, regardless of the resulting 
deposition rate. Lokhande et al. reported that the concentration of precursors can 
directly alter the rate of nucleation and particle formation in chemical bath.[7] As 
a result, the deposited film has a poor coverage on ITO despite the sufficiently 
high deposition rate. On the other hand, when the concentration of H3BO3 is 
lower (Figure 4.5 e-f), the deposition rate is low and there is a poor coverage of 
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F-TiOx film even after 4 hours of deposition. These islands are detrimental to the 
device performance as there will be improper contact between the ETL and the 
photoactive layer. Hence, this type of film morphology is not desired.  
 
Figure 4.5 SEM topographic images showing island formation on glass/ITO 
substrate. The samples were prepared by (a) 0.01 M; (b) 0.02 M; (c) 0.03 M 
(NH4)2TiF6 at fixed 0.2 M H3BO3 and (d) 0.05 M; (e) 0.1 M; (c) 0.15 M (NH4)2TiF6 at 
fixed 0.1 M H3BO3 in a bath of 40°C.  
Apart from the formation of island, cracks were also formed on the 
deposited F-TiOx. In Figure 4.6, cracks and islands can be clearly observed even 
at ~100 nm. Cracks were formed on F-TiOx when the deposition rate is too high. 
When there is excessive H3BO3, the fast scavenging of F
- will accelerate the 
formation of F-TiOx. When the formation of F-TiOx accelerates, stress will be 
introduced onto the film and cracks will eventually form on the surface, as shown 
in Figure 4.6 a-d. These cracks will form recombination centers and deteriorate 
electronic coupling at the F-TiOx/organic interface, causing increased 
recombination losses.[8] Therefore, the presence of cracks in F-TiOx is also not 




Figure 4.6 SEM topographic images showing crack formation on ITO. The samples 
were prepared by (a) 0.05 M (NH4)2TiF6  and 0.2 M H3BO3; (b) 0.05 M; (c) 0.1 M; 
(d) 0.15 M  (NH4)2TiF6  at fixed 0.3 M H3BO3 as their precursor concentrations at 
40°C.  
In the region of 0.1 M – 0.15 M (NH4)2TiF6 and 0.2 M H3BO3, the 
morphology of the film is the least defective, without the presence of islands and 
cracks at thickness of 100 nm (Figure 4.7). The deposited F-TiOx film also has a 
decent coverage on the glass/ITO substrate. Such coverage would help 
minimizing the likelihood of highly resistive and improper contact with the 
photoactive layer. Hence, by correlating the deposition rate and the F-TiOx film 
morphology, the optimal concentration region was identified at 0.1 M – 0.15 M 




Figure 4.7 SEM topographic images showing with the absence of islands and cracks 
on ITO. The samples were prepared by (a) 0.1 M; (b) 0.15 M (NH4)2TiF6 at fixed 0.2 
M H3BO3 as their precursor concentrations at 40°C. 
Therefore, by correlating the deposition rate and the morphology, two 
conclusions can be made. Firstly, the optimal precursor concentration is in the 
range of 0.1 M – 0.15 M (NH4)2TiF6  and 0.2 M H3BO3. In this concentration 
region, both the morphology and the thickness can be achieved to produce an 
efficient IOSC device with minimal recombination losses. Secondly, over-
accelerated F-TiOx growth would cause formation of defects; the optimal rate 
obtained from this study lies approximately at 40-50 nm/h. Figure 4.8 a and b 
shows the summary of thickness of the resulting F-TiOx film at various 
(NH4)2TiF6 concentration with 0.2 M H3BO3 and its deposition rate as a function 
of the two precursor concentrations, respectively. The red contour lines in each 




Figure 4.8 Color contour representation of (a) F-TiOx thickness over time at various 
(NH4)2TiF6 concentrations (fixed 0.2 M H3BO3); (b) Deposition rate of F-TiOx at 
various precursor concentrations. The red contour lines indicates the region of 
desired thickness and film morphology for the F-TiOx ETL. 
For validation, IOSC device with F-TiOx deposited at various precursor 
concentrations were fabricated. The efficiency () and the fill factor of the 
devices under AM 1.5G illumination are shown in Figure 4.9. Film grown with 
0.05 M (NH4)2TiF6 expectedly gives a lower  (2.5%), caused by a lower fill 
factor (54%), suggesting an improper contact between the ETL and the 
P3HT:PC61BM layer due to the presence of islands and cracks. As the precursor 
concentration increases, the fill factor gradually increases and remains constant at 
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60%. The F-TiOx deposited at 0.1 M (NH4)2TiF6 gives the highest efficiency 
(3%), with a higher fill factor (60%). At this concentration value, the F-TiOx 
optimal thickness was found to be 80 nm, which gives the highest efficiency of 3% 
(Figure 4.10). Hence, F-TiOx film with thickness of 80 nm, deposited with 0.1 M 
(NH4)2TiF6 and 0.2 M H3BO3 was adopted for further studies in this work. 
 
Figure 4.9 (a) Efficiency () and fill factor () of inverted organic solar cells with 
F-TiOx ETL deposited using various (NH4)2TiF6 concentration and 0.2 M of H3BO3 
and the; (b) Corresponding j-V characteristics for each device. All data points were 
averaged for at least 5 reproducible devices. The respective error bars represent the 
standard deviation of each type of device. 
 
Figure 4.10 (a) Efficiency at various F-TiOx thicknesses in inverted OSC device and; 
(b) Corresponding j-V characteristics for each device. All data points were 
averaged for at least 5 reproducible devices. The respective error bars represent the 
standard deviation of each type of device. 
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4.3.4 Topographic analysis (AFM) 
The film morphology of F-TiOx was found to be drastically different 
compared to sol-gel TiOx. As clearly observed from the AFM images in Figure 
4.11, sol-gel TiOx has significantly smaller grain size compared to F-TiOx, 
mainly due to the difference in the coating techniques used. Titanium oxide 
coated with sol-gel technique hydrolyzes uniformly over the glass/ITO substrates; 
whilst for F-TiOx film, the film was formed by means of island and cluster 
growth (section 4.3.3). As a result, the film is significantly rougher than sol-gel 
TiOx, giving a root-mean-square roughness (rrms) of 4.2 nm for F-TiOx and 1.7 
nm for sol-gel TiOx. It is known that higher roughness of underlying metal oxide 
could increase the contact surface area with the subsequent layer for solar cell 
applications.[9, 10] Ho et al. recently reported that ZnO nanorod electron 
transport layer, which has a higher surface roughness, could effectively enhance 
the electron transport properties by providing larger contact area to transport 
electron through the layer.[10] As a result, the higher film roughness may 
contribute positively to the performance or light soaking time reduction when 
incorporated into the IOSC devices.  
 
Figure 4.11 AFM topographic image for (a) sol-gel TiOx and (b) F-TiOx indicating 
the corresponding root-mean-square roughness value. 
 110 
 
4.3.5 X-ray diffraction studies (XRD) 
The nature of F-TiOx layer (amorphous or crystalline) was investigated and 
compared with sol-gel TiOx and glass/ITO substrate using XRD analysis (Figure 
4.12). Both sol-gel TiOx and F-TiOx samples only show the crystallographic 
peaks for ITO, without exhibiting any signature peaks for anatase or rutile phase. 
Since both samples were annealed under relatively low temperature (180°C), this 
temperature is insufficient to convert the TiOx to anatase phase (at least 450°C is 
required). Hence, all F-TiOx film deposited at 40°C in this work is amorphous in 
nature.  
 
Figure 4.12 XRD spectra of ITO only (black), sol-gel coated TiOx (80 nm) on ITO 
(red) and chemical bath deposited F-TiOx (80 nm) on ITO (green). The peaks only 
show presence of ITO, implying the deposited TiOx films, regardless of sol-gel or 
chemical bath deposition, are amorphous. The reference peaks used were ITO (, 
ICDD ref. 01-089-4598), TiO2 anatase (, ICDD ref. 01-084-1285) and TiO2 rutile 





4.3.6 Deposition of F-TiOx at various bath temperature 
While using the optimal concentration of the precursors, the bath 
temperature was varied between 30°C to 50°C. When the temperature of the 
chemical bath was varied, a profound change in the deposition rate was observed. 
Figure 4.13 a and b shows the thickness and the deposition rate, respectively, of 
F-TiOx film growth at the function of temperature. Upon closer look to the 
relation between the deposition rate and the temperature, it was found that the 
growth rate increases exponentially with bath temperature; it can be expressed by 
the Arrhenius equation (Equation 4-1), where R is the deposition rate, R0 is the 
pre-exponential factor, Ea is the activation energy, q is the elementary charge, k is 
the Boltzmann constant and T is the bath temperature (in K). A modified 
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Figure 4.13 (a) Thickness of F-TiOx film deposited over 4 hours at 30°C (), 40°C 
(), 45°C () and 50°C () and; (b) Resulting deposition rate showing 
experimental () and fitted (solid line) results for F-TiOx film deposited by 0.1 M 
(NH4)2TiF6 and 0.2 M H3BO3. The temperature evolution shows Arrhenius behavior. 
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The calculated activiation energy (Ea) of the film growth is 1.3 eV; this 
value is much higher compared to other CBD deposited materials such as CdS 
(0.9 eV), ZnSe (0.5 eV) and ZnS (0.5 eV).[11-13] The high activation energy 
suggests that the cluster-by-cluster process is the dominant growth mechanism 
for F-TiOx rather than the ion-by-ion mechanism.[14] The result corroborates 
with the rougher F-TiOx films, and the formation of islands in low thickness 
observed in section 4.3.3 and 4.3.4. 
Furthermore, a crystalline F-TiOx can in fact be fabricated via CBD within 
this temperature range.[15, 16] Masuda et al. reported that anatase F-TiOx can be 
grown at bath temperature of 50°C. However, as observed in Figure 4.13a, the 
growth rate of the film above 50°C is significantly higher compared to the 
amorphous growth region (T<50°C). In other words, the control of the film 
thickness within the desired range is more challenging. From the result of section 
4.3.3 on morphological study at various precursor concentrations, it has been 
shown that that high deposition rate is also detrimental to the film morphology, 
i.e. formation of cracks. Hence, in view of the short deposition time and the ease 
of thickness control, bath temperature of 40°C will be used in the remaining of 
this study. 
4.3.7 Compositional analysis (XPS) 
It has been experimentally demonstrated that NaOH is able to remove the 
surface adsorbed fluorine atoms on TiOx by replacing them with hydroxyl 
groups.[17] This treatment could also convert the physically adsorbed F into Ti-
bonded F.[18] Wang et al. had earlier reported that when TiOx is washed with 
NaOH and water, the concentration of Ti-bonded F can be increased.[19] Thus, 
this method was also used in the present study to alter the fluorine content in the 
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samples. X-ray photoelectron spectroscopy (XPS) was used to determine the 
fluorine atomic concentration on the TiOx surface. Figure 4.14a shows the F 1s 
spectra for sol-gel TiOx and F-TiOx subjected to various post treatments. It was 
found that, except for the sol-gel TiOx, a peak at 688.6 eV was observed for all F-
TiOx samples. This peak is associated to Ti-bonded F in TiOx and not the 
adsorbed fluorine, for which a peak around 684.4 eV is generally observed.[20] 
Elemental analysis shows that the as-prepared F-TiOx contains 1.3 at% of 
fluorine. As shown in Figure 4(b), the amount of fluorine increases to 1.5 at% 
and 1.7 at% after the samples were subjected to NaOH and water (post treatments) 
respectively. To validate the results, analysis from Ti 2p and O 1s spectra for the 
samples to obtain the ratio of atomic concentrations between Ti-O and OH 
(hydroxyl) bonds was carried out. The Ti-O:OH ratio of various samples in 
Figure 4.14b shows that after the post treatments, the concentration of the OH 
group decreases. This result correlates well with the increase in F concentration, 
suggesting the removal of surface F and further fill into the incomplete Ti-O-Ti 
matrix to form more Ti-bonded fluorine via post treatments, increasing the 
fluorine concentration in TiOx.[19] For detailed studies in the next section, a 





Figure 4.14 (a) F 1s photoelectron spectra for various TiOx samples on glass/ITO 
substrate. The F1s XPS spectra indicates the presence of fluorine (~688.6 eV) in all 
CBD F-TiOx devices; (b) Elemental analysis showing the atomic concentration of F, 
Ti-O:OH ratio on the sample surfaces corresponds to sol-gel TiOx, as-prepared, 
NaOH treated and H2O treated F-TiOx. 
4.4 Device Performance 
4.4.1 I-V and Light Soaking Characteristics 
Table 4.4 shows the solar cell characteristics of devices with TiOx ETL 
with various fluorine atomic concentrations. While the Voc of all the devices were 
similar, the jsc of the sol-gel TiOx, as prepared F-TiOx and NaOH treated F-TiOx 
are similar (7.5 mA/cm2), while the H2O treated F-TiOx sample gives a higher jsc 
(8 mA/cm2). However, this effect was traded off with a decrease in the fill factor 
(62%) compared to the as-prepared F-TiOx. As a result, the cell efficiencies were 
not altered by the presence of fluorine in TiOx (3.0 %).  
However, the devices exhibited a significant difference when they were 
subjected to light soaking, as shown in Figure 4.15. Figure 4.15 a and b show the 
j-V characteristics for sol-gel TiOx and as prepared F-TiOx based IOSC device, 
respectively, under AM 1.5G conditions (light-soaking treatments). S-shape 
characteristics were observed at the initial stage of illumination. The s-shape is a 
typical effect that occurs due to the suppression in electron transport in TiOx that 
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results in a high resistance.[21] It is noteworthy that the F-TiOx device reaches its 
maximum efficiency (50 s) much faster compared to sol-gel TiOx device (350 s). 
Figure 4.15 c shows the time evolution of the device efficiencies with various F 
atomic concentrations under AM1.5G illumination in N2 atmosphere. The 
experimental data was fitted with a logistic function (see Equation 4-3 and Table 

















Table 4.3 Fitting parameters of various TiOx in inverted organic solar cells based 
on equation 4-3. 
Electron transport layer F at % A0 A1 0 p 
Sol-gel TiOx 0 0 1.0 89 1.8 
CBD F-TiOx (as prepared) 1.3 0 1.0 11 2.5 
CBD F-TiOx (NaOH treated) 1.5 0 1.0 175 2.8 
CBD F-TiOx (H2O treated) 1.7 0 1.0 27 2.1 
 
By defining the light-soaking time (soak) as the time required for the 
efficiency to reach 95% of its maximum value ((soak) = 0.95 max), the light-
soaking effect for various devices was quantified in Table 4.4. Device with 0 at% 
fluorination (sol-gel TiOx) requires approximately 450 seconds for the  to 
saturate, close to the values reported previously.[22, 23] It is noteworthy that 450 
seconds (approx. 8 minutes) of light soaking time in indoor laboratory conditions 
would mean at least 1 hour of light soaking at outdoor conditions every morning 
(see section 1.5.2 in introduction for rough estimation). For as-prepared CBD F-
TiOx (1.3 F at%),  saturates in approximately 35 seconds of illumination. 
However, for NaOH treated F-TiOx (1.5 F at%), soak increases to approximately 
520 seconds while H2O treated F-TiOx (1.7 F at%) shows 110 seconds of soak. 
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All post-treated CBD F-TiOx samples, although having a higher amount of 
fluorine concentration, did not have shorter light soaking time compared to 0 F at% 
TiOx. This result may suggest that OH groups adsorbed on the TiOx surface could 
be the cause of trap formation that leads to the necessity of light-soaking 
treatment. Nevertheless, as-prepared F-TiOx, without further post treatments, can 
be used to address the light-soaking effect in inverted organic solar cells to 
significantly reduce the light-soaking time by 13 times (450 s to 35 s) compared 
to device with sol-gel TiOx ETL. As a result, as-prepared F-TiOx was used to 
compare with sol-gel TiOx for further studies to understand the underlying reason 
for this light-soaking enhancement. 
 
Figure 4.15 Current-voltage (j-V) characteristics of inverted organic solar cells with 
(a) sol-gel TiOx and (b) as prepared F-TiOx (1.3 F at%) as electron transport layer 
when subjected to light-soaking treatments, where the illumination time were 
shown (guided by arrows); (c) Light-soaking effect on the efficiency of fresh devices 
with TiOx layers upon AM 1.5G illumination. The symbols represent experimental 
data while the solid lines are fitted data by logistic function. The indicated time 
represents the corresponding light-soaking time (soak) for each sample as defined in 
the main text. 
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Table 4.4 Photovoltaic parameters of IOSCs at various fluorine concentration in 
TiOx (jsc: short-circuit current density, Voc: open-circuit voltage, FF: fill factor, :  
efficiency, soak: light-soaking time). The active area of all devices was 0.09 cm2. The 
error values correspond to the standard deviation of the device parameters of at 
least 10 reproducible cells. 











Sol-gel 0 628 7.5 62 2.9 450 
CBD (as prepared) 1.3 617 7.6 63 3.0 35 
CBD (NaOH) 1.5 623 7.5 62 2.9 520 
CBD (H2O son.) 1.7 615 8.0 62 3.0 110 
 
4.4.2 Device Stability 
The device stability of as-prepared IOSC with F-TiOx ETL was 
investigated by storing the sample in dark and ambient condition and monitoring 
its efficiency () over time, in accordance to International Summit on Organic 
Photovoltaic Stability (ISOS) D-1 shelf scheme.[24] ISOS is a scheme provided 
by a group of researchers under consensus in standardizing the degradation study 
of OSC so that a reasonably accurate comparison of the reported stability and 
lifetime data for OSC can be established. ISOS D-1 shelf scheme is a degradation 
scheme to monitor the OSC degradation behavior while exposing it to dark 
environment in ambient air (while monitoring its j-V characteristics). Figure 4.16 
shows the normalized open-circuit voltage (Voc), short-circuit current density (jsc), 
fill factor and efficiency () of as prepared CBD F-TiOx over a period of 1000 
hours, stored in a dark environment without encapsulation. The device shows 
superior stability over non-encapsulated standard architecture OSC (inset), which 
was found to be fully degraded in less than 24 hours. The as-prepared F-TiOx 
device was able to retain 60% of its initial device performance even after 1000 
hours. The main cause of degradation is associated to jsc, as shown in the red 
circles in Figure 4.16 (red line). During the 70 hours in air, the device efficiency 
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increases slightly compared to freshly prepared cells. This initial increase was 
caused by the increase in Voc. This phenomenon can be attributed to the oxidation 
of silver to silver oxide when exposed to ambient condition, where the contact 
work function is increased to 5 eV, improving the hole contact behavior, thus 
increasing the Voc.[25, 26] jsc decrease may be due to the ingress of oxygen from 
the silver contact and moisture from the PEDOT:PSS, which may cause both 
chemical and physical changes in the photoactive layer.[24] Overall, this result 
reveals that the incorporation of fluorine into TiOx has no significant detrimental 
effect to the photoactive layer, P3HT:PC61BM, and ultimately to the IOSC device 
performance.  
 
Figure 4.16 Normalized Voc, jsc, fill factor and  of ITO/CBD F-
TiOx/P3HT:PC61BM/PEDOT:PSS/Ag (without encapsulation) over 1000 hours 
subjected to ISOS-D-1 scheme (stored in dark shelf, open-circuit condition at 22ºC, 
R.H.55%). The inset shows the degradation of non-encapsulated standard 
architecture OSC (ITO/PEDOT:PSS/P3HT:PC61BM/LiF/Al) under the same 
condition. The error bar corresponds to the standard deviation of the each 




The stability study was extended from 1000 hours to 3000 hours, and the 
device lifetime of F-TiOx based IOSC were compared with sol-gel TiOx based 
IOSC, as shown in Figure 4.17. The device T80 lifetime (where efficiency drops 
to 80% of its initial value) of the sol-gel TiOx based device (1090 hours) is ~3 
times longer than the F-TiOx based device (390 hours). In other words, the sol-gel 
TiOx based device is significantly more stable when compared to F-TiOx based 
device. Since both types of TiOx were subjected to the same heat treatment 
(180°C), most moisture impurities and oxygen vacancies would have been 
removed.[1] Furthermore, both devices exhibit the similar corrosion of silver 
metal contact (see Figure 4.17d inset), indicating that the degradation caused by 
PEDOT:PSS and Ag is likely similar among both devices. Hence, the cause of 
the greater instability is likely due to the fluorine in TiOx. Since, the cause of 
great decline in the device lifetime originated from the jsc and fill factor, with Voc 
remains relatively constant (Figure 4.17a-c), we can associate it with a possible 
nano-morphological change in P3HT:PC61BM, which might be induced by 
fluorine.[27] Nevertheless, its overall device stability is still significantly better 




Figure 4.17 Comparison of normalized Voc, jsc, fill factor and  between sol-gel TiOx 
() and F-TiOx () based IOSC (without encapsulation) over 3000 hours according 
to ISOS-D-1 scheme (stored in dark shelf, open-circuit condition at 22ºC, R.H.55%). 
The error bar corresponds to the standard deviation of the each parameter for 10 
reproducible devices. The solid line represents the fitted curves for the 
experimental data. 
4.5 Physical studies on the light-soaking characteristics 
Several reports have suggested that the light soaking behavior of IOSC 
device with metal oxide ETL originates from at least two different perspectives. 
Firstly, the light soaking originates from the filling of trap states, which decreases 
the work function of the ETL and enables electron extraction through the 
ITO/metal oxide interface.[28] Secondly, the induced interface dipole between 
the metal oxide/organic interface may also determine the formation of extraction 
barrier for the dissociated excitons in the device.[29] In view of the new material 
system proposed in this work, we could not rule out any one of the effects. Thus, 
we have conducted a light-soaking experiment with various ETL configurations 
such as sol-gel TiOx (80 nm), F-TiOx (80 nm), bi-layer sol-gel TiOx (40 nm)/F-
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TiOx (40 nm) and F-TiOx (40 nm)/sol-gel TiOx (40 nm) to investigate which 
interface contributes to the light soaking behavior. The device architectures are 
depicted in Figure 4.18 (see section 4.2 for film preparation). The results in 
Figure 4.19 shows that F-TiOx based device has the shortest light soaking time 
(~30s), followed by sol-gel TiOx/F-TiOx (~150s), F-TiOx/sol-gel TiOx (~170s) 
and sol-gel TiOx (~450s). This observation suggests that both ITO/TiOx and 
TiOx/organic interfaces contribute to the light soaking behavior, as seen from the 
intermediate timings compared to pure sol-gel TiOx. We first examine the effect 
of trap-filling at ITO/TiOx interface on the light soaking behavior. 
 
Figure 4.18 Schematic showing various combinations of TiOx used for studying the 





Figure 4.19 Light-soaking control experiment of fresh inverted organic solar cells 
with sol-gel TiOx (80 nm), F-TiOx (80 nm), sol-gel TiOx (40 nm)/F-TiOx (40 nm) and 
F-TiOx (40 nm)/sol-gel TiOx (40 nm) as electron transport layers upon AM 1.5G 
illumination. The symbols represent experimental data while the solid lines are 
fitted data by logistic function. The indicated time represents the corresponding 
light-soaking time (soak) for each sample as defined by the horizontal line. 
The necessity of light-soaking seems to originate from the active unfilled 
electron traps caused by dangling bonds.[28-30] These dangling bonds are 
susceptible to the adsorption of oxygen in air and form active trap sites, which 
could be removed by UV photons.[31] Since the presence of active traps depends 
on the position of the quasi Fermi level for the electrons and the trap state density 
in the material[28], these two dominant parameters can be measured via 
ultraviolet photoelectron spectroscopy (UPS) and transient UV photoconductivity 
measurements respectively. Through these techniques, the role of fluorine atoms 
on the light-soaking behaviors in these amorphous TiOx thin films (as seen in 
Figure 4.12) was studied.  
UPS technique was used to investigate the effect of fluorine atoms in TiOx 
towards the light-soaking time from the energetics perspective. It was carried out 
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by measuring the vacuum level shifts of sol-gel TiOx and F-TiOx films with 
respect to ITO before light-soaking. Figure 4.20 shows region near the secondary 
electron cutoff and the emission onset for ITO, ITO/sol-gel TiOx (0 F at%) and 
ITO/F-TiOx (1.3 – 1.7 F at%) before light-soaking. A vacuum level offset (ΔEvac) 
of 0.41 eV between the ITO and sol-gel TiOx interface was observed. In the 
presence of fluorine, a total ΔEvac of 0.51 eV (0.41+0.10 eV) was observed. As a 
result, F-TiOx has a lower work function (4.4 eV) than sol-gel TiOx (4.5 eV), as 
summarized in Figure 4.21. Since all the films were subjected to same heat 
treatment (180°C), we can associate the change in work function to be largely 
dependent on the presence of fluorine incorporation into TiOx. These UPS 
measurements suggest a shift of Fermi level when F-TiOx is formed. 
 
Figure 4.20 Ultraviolet photoelectron spectroscopy (UPS) secondary cut-off spectra 
of ITO and ITO/TiOx samples of various fluorine concentrations before light-
soaking. The kinetic energy (KE) was converted from the binding energy (BE) 





Figure 4.21 Summary of resulting work function values () and vacuum level shift 
(ΔEvac, ) at ITO/TiOx interface at various fluorine concentration. 
TiOx is known to exhibit transient UV photoconductivity with long 
charging and relaxation time due to the large amount of surface trap states.[28, 32] 
These trap states cause a decrease in the overall mobile carrier concentration of 
the material and thus its conductivity. Transient UV photoconductivity 
measurements of sol-gel TiOx and F-TiOx (1.3 at%), before and after UV 
illumination, were carried out to investigate the existence of the traps and the 
filling characteristics of the traps. Figure 4.22 shows the normalized photocurrent 
of sol-gel TiOx/Ag and as-prepared CBD F-TiOx/Ag devices under UV 
illumination. At initial illumination, the trap states were gradually filled by 
photogenerated electrons in TiOx, increasing the overall mobile charge carrier 
concentration and hence the photocurrent. For a detailed analysis, we define 
photocurrent rise time (rise) as the time required for the photocurrent to reach 95% 
of its maximum value (similar to the definition in section 4.4.1), indicating the 
time required for a complete trap filling. It is noteworthy that rise of F-TiOx (1.3 
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at%) (1 minute) is twice as fast compared to sol-gel TiOx (2 minutes). Since the 
saturation of the photocurrent at constant illumination implies the equilibrium 
between the trapping action and charge recombination[28], a shorter rise would 
suggest the material has a lower amount of trap state. Hence, we may conclude 
that the trap state density in the F-TiOx (1.3 at%) layer is considerably lower than 
that observed for sol-gel TiOx.  
 
Figure 4.22 Normalized photocurrent of sol-gel TiOx (0 at%) /Ag () and F-TiOx 
(1.3 F at%)/Ag () under UV illumination. The blue line () indicates UV light 
ON/OFF state. The horizontal line denotes the time where the photocurrent reaches 
95% of its maximum value.  
By combining the findings of the UPS spectra and the UV 
photoconductivity response, an explanation for the improvement of the light-
soaking characteristics of the device with fluorinated TiOx electron transport 
layer from the perspective of ITO/TiOx interface is suggested. Figure 4.24 a and b 
show the resulting energy level diagrams of the interface for sol-gel TiOx and F-
TiOx before light-soaking. The work functions and the valence band positions 
were determined from UPS spectra, while the bandgap of the material was 
obtained from their respective absorption spectra to estimate the conduction 
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bands (see Figure 4.23). In sol-gel TiOx, due to the lower ΔEvac (0.41 eV) and 
higher work function (4.5 eV), the Fermi level (EF) is further away from the 
conduction band. Since there are more trap states existing in sol-gel TiOx, the 
shift of EF suggests the material has a lower overall carrier concentration due to 
these unfilled trap states. This phenomenon would influence its barrier width at 
ITO/TiOx interface, which is related to Debye length (LD), a characteristic length 
scale for charge screening.[29] LD scales with the dielectric constant () and the 
carrier concentration (n) (LD  (/n)0.5). A lower carrier concentration would 
result in a large LD and thus forms a larger barrier width (green arrow) between 
ITO and sol-gel TiOx (Figure 4.24a).  
In F-TiOx, due to the higher ΔEvac (0.51 eV) and the lower work function 
(4.4 eV), with an observable shift of 0.12 eV of the valence band to higher 
binding energy (Figure 4.20), EF now shifts closer to the conduction band 
compared to sol-gel TiOx. Since the trap state density of F-TiOx is lower than sol-
gel TiOx, the shift of EF suggests an increase in overall carrier concentration, 
probably due to partial filling of the electron trap sites by fluorine atoms in the 
TiOx. The increased carrier concentration will decrease the LD and narrows the 
barrier width (green arrow) between ITO and F-TiOx (Figure 4.24b). This result 
also corroborate with a recent study that shows a significant increase in carrier 
concentration of TiO2 after doping with fluorine.[33] It is noteworthy that all 
these phenomena are observed in the ITO/TiOx interface before light-soaking 
treatment.  
When the device is illuminated, the ΔEvac of both TiOx and F-TiOx samples 
would increase and it is highly possible that they will have the similar value 
because of their identical cell efficiencies (3.0%). As a result, their ΔEvac values 
 127 
 
would converge towards about 0.6 eV after light-soaking, as observed by Kim et 
al.[28] Given the initial ΔEvac value of F-TiOx (0.5 eV) is nearer to the light-
soaked condition (0.6 eV), the time taken to fully fill the trap sites in F-TiOx is 
significantly shortened compared to sol-gel TiOx, as observed in Figure 4.15c. 
Hence, these findings provide a possible explanation to the significant reduction 
in the light-soaking time in F-TiOx inverted organic solar cells.  
 
Figure 4.23 Tauc plot from the respective absorption spectra for sol-gel TiOx (0 % 
F conc., black), as-prepared F-TiOx (1.3 % F conc., red. The estimated bandgap 





Figure 4.24 (a-b) Resulting energy band diagrams at ITO/TiOx interface before 
light-soaking treatment. All values were obtained from UPS measurements, the 
bandgap were estimated by their respective absorption spectra and the green 
arrows at the ITO/TiOx interface represents the resulting barrier width due to the 
Fermi level realignment. 
Given the same reduced work function, the NaOH (1.5 at%) and H2O (1.7 
at%) treated F-TiOx samples show inferior light-soaking effect. This phenomenon 
leads to the fact that the ITO/TiOx interface may not be the only effect in 
influencing the light soaking effect. The modification of the TiOx surface by 
these treatments may suggest an induced dipole at the TiOx/organic interface, 
which may also play a certain role in light soaking effect.  
4.6 Conclusions  
Fluorinated TiOx (F-TiOx) as electron transport layer (ETL) was used to 
address the light-soaking effect in inverted organic solar cells (IOSC). The ETL 
was fabricated by a solution processed chemical bath deposition method. A 
detailed study of the effects of the deposition parameters on the film morphology 
and chemical composition were carried out. The presence of fluorine in TiOx 
seems to reduce the trap state density in the ETL by partially filling the states and 
causing a decrease in its work function before light-soaking was carried out. The 
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resultant effect greatly shortens the time required for trap filling when the device 
is illuminated. Hence, the use of F-TiOx, without further post treatments, could 
significantly decrease the necessary light-soaking time by 13 times (from 450 s to 
35 s) in an air-stable inverted organic solar cell (IOSC) compared to the sol-gel 
TiOx counterpart without affecting its device efficiency. This material can 
significantly increase the practicality of an air-stable, efficient and solution-
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Chapter 5 Degradation behavior of high efficiency 
benzodithiophene-thienothiophene polymer organic solar cell  
5.1 Introduction 
In this chapter, a systematic study on the air-stability, photochemical 
stability, photo-oxidation stability and light-soaking characteristics of PTB-
7:PC71BM based inverted organic solar cells with fluorinated TiOx (F-TiOx) as 
electron transport layer was carried out. Through the study, it was found that the 
polymer is significantly unstable when compared with traditional work horse 
polymer P3HT. The presence of long and easily-cleavable alkoxy (R-C-O) side 
chains in the polymer backbone is the main cause for the poor stability. These 
side chains cause the photoactive layer to be highly susceptible to oxygen and 
moisture. In addition, a significant reduction in light soaking time can still be 
observed in PTB-7:PC71BM inverted OSC (IOSC) with F-TiOx electron transport 
layer. Parts of the works in this chapter has been published in ACS Applied 
Materials and Interfaces, 2015, 7(22), 12119-12127. 
5.2 Experimental 
Detailed description on the materials and equipments used in this work 
were outlined in Chapter 2 of this thesis. Briefly, 80 nm of F-TiOx ETL was 
prepared using 0.1M (NH4)2TiF6 and 0.2M H3BO3 via chemical bath deposition 
method with a bath temperature of 40°C for 1.5 hours on the glass/ITO substrate. 
80 nm of Sol-gel TiOx ETL was prepared by coating a sol of TTIP:AA:IPA of 
1:0.5:10 at 2500 rpm on the ITO before being hydrolyzed in controlled 
environment for 2 hours. All TiOx films were subjected to heat treatment of 
180°C (ramp rate of 1°C/min) before transferring into a N2 filled glove box. 
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PEDOT:PSS:CFS-31 (surfactant concentration of  5.5 v/v%) HTL was prepared 
by spin coating at 5000 rpm on the previously coated PTB-7:PC71BM film. 
P3HT:PCBM based inverted device (as described in section 4.2) was used as a 
control device to conduct the stability study and the light soaking effect.  
PTB-7:PC71BM and P3HT:PC61BM were used as the photoactive absorber 
layer in this study.  For non-inverted (conventional) organic solar cells, the 
device architecture was ITO/PEDOT:PSS (50 nm)/PTB-7:PC71BM (100 nm)/Ca 
(5 nm)/Al (100 nm). For inverted organic solar cells, F-TiOx was used as the 
electron transport layer as it was found to reduce the light soaking time 
significantly.[1] The corresponding device architecture was ITO/F-TiOx(80 
nm)/PTB-7:PC71BM (100 nm) (or P3HT:PC61BM (200 nm))/PEDOT:PSS-
CFS31 (50 nm)/Ag. The device fabrication steps were described in detail in 
section 2.4 in Chapter 2. The device architectures are depicted in Figure 5.1. 
Figure 5.2 shows the chemical structures of the donor polymers used in this work, 
P3HT and PTB-7. All devices, unless otherwise stated, were subjected to 
degradation without encapsulation. 
Device stability studies were carried out in various conditions: (1) 
Exposure to air in dark (25ºC, relative humidity 55%, ISOS-D-1 shelf scheme, 
see section 4.4.2); (2) Exposure to AM1.5G illumination in N2 filled glove box 
and; (3) Continuous illumination by solar simulator light source in ambient 
condition. The light-soaking treatment was done using the same lamp source, 
where the devices were continuously illuminated and data were periodically 
acquired. Detailed illustrations of different degradation schemes are shown in 




Figure 5.1 Illustration of the device architecture for organic solar cells with 
conventional (left) and inverted (right) architecture. 
 
Figure 5.2 Chemical structures of poly(3-hexylthiophene) (P3HT) and poly({4,8-
bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl}{3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PTB-7) polymers used in this 
study. The boxed region indicates the side chains in respective polymers which are 
involved in their material stability. 
 
Figure 5.3 Illustrations of (a) Air only; (b) Light in N2 environment and (c) Light in 
air degradation schemes carried out in this study.  
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5.3 Device Performance 
  A series of OSC devices with both conventional and inverted architectures 
were fabricated for lifetime study in this work. Figure 5.4 shows the I-V 
characteristics of the fresh PTB-7:PC71BM and P3HT:PC61BM based OSC 
devices in both conventional and inverted architectures. Both types of device 
architectures exhibit similar efficiencies for PTB-7:PC71BM (~7%) and 
P3HT:PC61BM (~3.3%). This result suggests that the use of F-TiOx does not 
significantly affect the device performance when it is used as electron transport 
layer in IOSC. 
 
Figure 5.4 Typical j-V characteristics of (a) P3HT:PC61BM and; (b) PTB-7:PC71BM 
based devices in conventional () and inverted () architectures used in the 
stability study. The respective device parameters are summarized in the inset tables 
in the figure. The data were averaged for at least 5 reproducible devices. The 
respective error values represent the standard deviation of each type of device.  
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5.4 Degradation study 
5.4.1 Air-stability  
The air-stability of as prepared IOSC with F-TiOx ETL was investigated by 
storing the device in dark and ambient condition while monitoring its efficiency 
() over time, in accordance to International Summit on Organic Photovoltaic 
Stability (ISOS) D-1 shelf scheme.[2] The device lifetime study of PTB-
7:PC71BM in both device architectures are shown in Figure 5.5a. The device 
performances were measured periodically over the course of 1500 hours (63 
days). As a control device, ITO/F-TiOx/P3HT:PC61BM/ PEDOT:PSS/Ag was 
used to compare with the PTB-7 based device and the data is also shown in the 
same figure. As expected, PTB-7:PC71BM IOSC is significantly more stable than 
its non-inverted counterpart, retaining 70% of its initial device efficiency at ~120 
hours of air exposure, while the non-inverted device degrades completely within 
the first 24 hours of exposure. The observed degradation in the conventional 
device architecture is attributed to the following: (a) the attack of oxygen 
molecules from the easily-oxidized Al metal contact into the photoactive layer; (b) 
etching of the ITO surface by acidic PEDOT:PSS and; (c) ingress of moisture 
into the photoactive materials.[3] All these processes would trigger the polymer 
to undergo oxidation and form oxygen-induced traps which will result in the 
deterioration in the device performance.[4] On the other hand, inverted device 
architecture resolves most of the aforementioned issues; a) Al was replaced by a 
more air-stable Ag as metal contact and b) PEDOT:PSS is moved away from the 




However, it is noteworthy that, due to the direct exposure of PEDOT:PSS 
in air, the moisture ingress from the hole transport layer into the photoactive 
material is still possible in inverted structure. Furthermore, Norrman et al. have 
previously reported that the hygroscopic PEDOT:PSS in an inverted organic solar 
cell has a high water uptake when exposed to air in dark environment, which 
corresponds to the ISOS-D-1 shelf scheme conducted in this study.[5] As a result, 
the device is highly sensitive to moisture-induced degradation. Interestingly, 
when compared to P3HT:PC61BM IOSC, the device lifetime of PTB-7:PC71BM 
IOSC is significantly shorter. P3HT:PC61BM IOSC could maintain 80% of its 
initial efficiency up to 600 hours of exposure, while PTB-7:PC71BM IOSC 
already falls below 80% at the first 22 hours. Since the attack of oxygen 
molecules from the easily-oxidized Al metal contact into the photoactive layer 
and the etching of the ITO surface by acidic PEDOT:PSS have been 
circumvented in the inverted device [3, 5], the moisture ingress seems to be the 
remaining factor for the observed degradation. Indeed, it has been reported 
previously that the hydroxylation of PTB-7 could change the polymer structure 
and render inferior charge transport property.[6]  
In closer look at the parameters in the inverted device (Figure 5.5b), the 
open-circuit voltage (Voc), short-circuit current density (jsc) and fill factor (FF) for 
the inverted devices decrease over exposure time in air. The decrease in Voc 
would imply the presence of recombination losses, which may be caused by the 
change in workfunction of the hole transport layer (PEDOT:PSS) due to the 
effect of moisture. Hence, the water absorbed by PEDOT:PSS will eventually 
diffuse through and react with the underlying photoactive layer. From Figure 5.5b, 
the moisture effect seems to influence PTB-7 in a greater scale compared to 
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P3HT. This effect can be explained by the presence of long alkoxy substituents 
(2-etylhexyl-oxy) in the benzodithiophene (BDT) and thienothiophene (TT) 
groups in PTB-7, which is generally more susceptible to degradation compared to 
P3HT, where only a simple alkyl (hexyl) side chain is present instead (see the 
boxed regions in Figure 5.2b).[7] Furthermore, the nanomorphology of PTB-7 
may also have been altered throughout the degradation period, as observed by a 
drastic decline in its jsc.[8] As a result, the moisture attack accounts for the 






Figure 5.5 (a) Normalized efficiencies of the PTB-7:PC71BM conventional () and 
inverted () architectures under continuous exposure to air in dark, ambient 
condition (ISOS-D-1 shelf scheme) for 1500 hours. P3HT:PC61BM conventional () 
and inverted device () is used as a control device to compare the stability of PTB-
7 based device; (b) Normalized open-circuit voltage (black symbol), short-circuit 
current density (blue symbol) and fill factor (red symbol) for inverted 
PTB7:PC71BM () and P3HT:PC61BM (). The normalized error bars 
corresponds to the standard deviation for 6 devices, which were calculated based on 
the initial value of the device parameters. Since the efficiencies of the devices differs, 





5.4.2 Photochemical stability in N2 atmosphere 
Despite the OSC devices being reasonably well protected from oxygen and 
moisture through encapsulation, degradation would still occur over time. In this 
section, we attempt to simulate the effect of encapsulation on the device by 
testing their performances in an inert atmosphere. Thus, the photochemical 
stability of PTB-7:PC71BM based devices were studied by illuminating the 
samples under AM1.5G in a N2 filled glove box (oxygen and moisture < 1 ppm). 
The j-V characteristics were acquired in-situ during the illumination inside the 
glove box. Indeed, the result shown in Figure 5.6 strongly suggests that the 
degradation of organic solar cells is not necessarily caused by oxygen and 
moisture alone. Direct absorption of UV-visible photons by the chromophores of 
aromatic polymers in the absence of oxygen could trigger various changes such 
as photo-induced side chain rearrangement (such as photo-Fries rearrangement), 
chain scissions and crosslinking.[9-11] Since illumination was carried out in the 
absence of oxygen and moisture, the degradation would be purely in the form of 
photochemical processes.  
Given the above condition, the polymer PTB-7 is significantly unstable 
under illumination compared to P3HT, as shown in Figure 5.6. It is also unstable 
compared to other photoactive materials such as MDMO-PPV [12] and ZnPc [13], 
which can withstand at least 500 hours without undergoing significant 
degradation in the same condition. This result could originate from the chemical 
structure of PTB-7 backbones, i.e. BDT and TT moieties. These two groups of 
monomers, though providing an excellent push-pull interaction for band gap 
tailoring, are more susceptible to chemical changes due to the long alkoxy side 
chains (in the case of PTB-7) attached. The presence of the alkoxy side chains in 
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polymers is known to have negative impact to the polymer stability because the 
C-O bond is readily cleavable under irradiation in the absence of oxygen.[12, 14] 
As a result, the high performance and solution processability of this material 
would serve as a trade-off against its stability. Interestingly, the device lifetime of 
inverted architecture is better than that of the conventional architecture. The 
device T80 lifetime (where efficiency drops to 80% of its initial value) of the 
IOSC (90 minutes) is 3 times longer than the conventional OSC (30 minutes). 
The degradation of the device performance is solely caused by a decrease of fill 
factor during illumination (Figure 5.6c), while the Voc and jsc remains relatively 
stable. The inferior fill factor can be explained by a possible light-induced 
morphological degradation in the photoactive material, which causes a decline in 
the carrier transport and carrier recombination.[15] Hence, the reason for higher 
stability is attributed to the presence of UV-filtering F-TiOx electron transport 
layer (80 nm) with a band gap of 3.4 eV (~360 nm) in the IOSC. TiOx layer is 
known to protect the device from UV light owing to its high band gap 
properties.[16] The presence of a Al:ZnO UV filter between the light source and 
the device was also shown to be effective to improve the stability of PTB-
7:PC71BM under illumination.[17] Hence, we may conclude that F-TiOx could 
act as a UV-protective layer for PTB-7:PC71BM inverted device and could 
prevent the occurrence of photo-induced chemical processes, contributing to a 
more stable device compared to the one with a conventional architecture. 
Comparing the photo-stability test with air-stability test for inverted device 
(Figure 5.5), T80 of the photo-induced degradation (1.5 hours) is much shorter 
than the T80 of air- and moisture-induced degradation (22 hours). The photo-
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induced degradation is therefore the more detrimental factor in the long term 
stability of PTB-7 in solar cell applications. 
 
 Figure 5.6 Normalized (a) open-circuit voltage; (b) short-circuit current density; (c) 
fill factor and (d) efficiency for conventional PTB7:PC71BM (), inverted 
PTB7:PC71BM () and inverted P3HT:PC61BM () OSC under illumination in N2 
filled environment. The dotted horizontal line in (d) indicates the lifetime (T80) of 
each device. The black line in (d) represents the fitted degradation profile according 
to experimental data. The error bars are the standard deviation obtained from at 
least 6 devices, which were calculated based on the initial value of the device 
parameters. The reproducibility of the inverted device seems to be better than the 
conventional device, as seen in the difference in their error values. 
5.4.3 Photochemical stability in air 
When freshly prepared PTB-7:PC71BM OSC and IOSC devices were 
exposed to light in air (25°C, relative humidity 55%), significant deterioration in 
the performance was observed for both types of devices without encapsulation. 
The effect of oxygen and moisture under illumination accelerates the degradation 
dynamics in both types of PTB-7:PC71BM device. The photoactive material is 
especially vulnerable towards oxygen and moisture under illumination. Various 
studies have also shown that oxygen is the dominating factor for polymer 
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degradation, even in the case of inverted devices.[5, 13, 18] Indeed, the 
continuous illumination test shown in Figure 5.7 suggests that PTB-7:PC71BM, 
regardless of the type of architecture, is vulnerable to oxygen and moisture-
induced degradation. The T80/T50 times for conventional and inverted devices are 
18/85 minutes and 3/10 minutes respectively. The lifetimes are also considerably 
shorter when compared to P3HT:PCBM based inverted device (see data in Figure 
5.7). Norrman et al. have also reported that when P3HT:PCBM inverted device 
was exposed to light in controlled environments, sulphur atoms in the thiophene 
group are prone to react with water and molecular oxygen to form R-SOx bonds, 
while the photo-oxidation of alkyl side chain will form R-COOH bonds within 
the first hour of illumination in air.[5] However, this is not the case for PTB-7, 
the alkyl side chains in the polymer do not participate in the photochemical 
degradation.[19] Further investigation to the device parameters in Figure 5.7 
suggests a likelihood of chemical[17, 20] and morphological [15, 21, 22] 
degradation in the photoactive layer due to the drastic decrease in the jsc and fill 
factor. The stable Voc throughout the illumination (Figure 5.7a) suggests that 
there is no contribution of the transport layers to the device degradation. Thus, 




Figure 5.7 Normalized (a) open-circuit voltage; (b) short-circuit current density; (c) 
fill factor and (d) efficiency for conventional PTB7:PC71BM (), inverted 
PTB7:PC71BM () and inverted P3HT:PC61BM () OSC under illumination in air. 
The dotted horizontal line in (d) indicates the lifetime (T80) of each device. The 
black line in (d) represents the fitted degradation profile according to experimental 
data. The error bars are the standard deviation obtained from at least 6 devices. 
Focusing from the perspective of chemical structure, Raman spectrum for 
the fresh and degraded (> 1 hour) neat PTB-7 films were acquired. (Figure 5.8a). 
The band between 1200 cm-1 to 1350 cm-1 can be associated to phenylene-alkoxy 
(R-O) stretching in BDT.[12] The peaks at 1490 cm-1, 1549 cm-1 and 1570 cm-1 
are associated with C=C stretching modes of fused thiophene of BDT units, non-
fluorinated thiophene and fluorinated thiophene of TT units in PTB-7 
respectively.[6] After 1 hour of illumination in air, the Raman intensities of 
aforementioned peaks decrease. This phenomenon suggests possible cleavage in 
the alkoxy side chains in PTB-7 under illumination and subsequently breaks the 
chain conjugation in the adjacent thiophene subgroups. Hence, the alkoxy side 
chains attached to the BDT and TT backbones are likely the reason for the 
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accelerated photo-oxidation in PTB-7. This phenomenon, however, was not 
observed in P3HT:PC61BM devices. This can be confirmed by the Raman spectra 
acquired on P3HT:PC61BM films subjected to similar degradation schemes. As 
shown in Figure 5.9, the C-C skeletal stretching (1380 cm-1) and C=C (1447 cm-1) 
symmetric stretching modes within the thiophene ring were clearly observed in 
all degraded films. Corroborating to the discussions in section 5.4.1 above, no 
phenyl-alkoxy (R-O) stretching mode at 1200 cm-1 to 1350 cm-1 was observed. 
The Raman intensities for the aforementioned peaks decrease when the films 
were subjected to degradation, indicating P3HT ring degradation. The relative 
decrease in the intensity can then be compared to the extent of P3HT degradation 
under these degradation schemes. Hence, the thiophene rings in P3HT degrade 
much faster when it is subjected to light-induced degradation (light in N2 or light 
in air for 2 hours) than in dark condition (air only for 1000 hours). Since the 
Raman peak shapes for the films were preserved and no Raman shift was 
observed, there is no observable changes in the molecular packing in P3HT 
polymer even during the degradation schemes.[23, 24]  
Interestingly, the conventional architecture has a better resistance towards 
oxygen than the inverted architecture within the testing period. There are two 
possible degradation pathways: (1) From PEDOT:PSS to photoactive layer and (2) 
From F-TiOx to photoactive layer. Firstly, PEDOT:PSS would undergo phase 
change under illumination in oxygen and subsequent oxidation would occur in 
the PEDOT:PSS/organic interface.[5] Furthermore, direct exposure to light in air 
would render the photoactive layer and PEDOT:PSS to be oxidized to mainly 
form R-SOx and R-COOH species.[5] For inverted devices, PEDOT:PSS is 
exposed to air, as opposed to conventional devices, render it to be highly 
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sensitive to water, thus accelerating the hydroxylation process under illumination. 
Secondly, despite the UV-filtering effect, the F-TiOx layer in the inverted device 
may also provide a pathway for oxygen to attack the photoactive layer material. It 
has been reported that the oxygen may adsorb to and desorb from the metal oxide 
surface when illuminated in air.[1, 25, 26] During the illumination, the oxygen 
atoms could then readily attack, redistribute and oxidize the photoactive layer, 
causing a shorter device lifetime.  
Due to the degradation pathways associated with inverted device and the 
inherent unstable nature of PTB-7, the device lifetime is worse compared to its 
conventional counterpart. As a result, there are various oxidation routes that 
could take place in PTB-7: (a) singlet oxygen could be inserted into the C=C 
backbone and disrupting its conjugation arrangement [17, 27]; (b) the C-O bonds 
in the alkoxy side chain of PTB-7 would be highly susceptible to cleavage [7], 
forming R-COOH and resulting in the break of -conjugation.[6] All these 
reactions would result in a reduction of conjugation length that leads to the 
bleaching of PTB-7 polymer. This phenomenon was clearly seen from the 
observed hypsochromic shift in the absorption peak at 630 nm and 685 nm of 
PTB-7:PC71BM film (Figure 5.8b). It is well-known that the reaction of 
anthracene with oxygen will readily form 9,10-endoperoxide derivative.[28] We 
believe that the BDT units also undergo the same reaction and producing the 
observed hypsochromic shift. This condition would disrupt the backbone 
conjugation of BDT units, thus causing an evident change in film color from dark 





Figure 5.8 (a) Raman spectra for fresh and degraded (illuminated in air for 1h) 
neat PTB-7 films in air; (b) UV-vis absorption spectra of freshly prepared and 
degraded device (light in air for 1 hour) for both conventional and inverted 
architectures. The inset shows the film color changes before and after degradation. 
 
 
Figure 5.9 Raman spectra for fresh (black) and degraded P3HT:PC61BM film 




5.5 Light-soaking characteristics  
The light-soaking properties of PTB-7:PC71BM inverted organic solar cells 
is vital to its practicality. It is important to realize the negative influence of the 
light-soaking property to the device from the perspective of outdoor applications. 
The reversible light-soaking effect signifies repeated photo-activation every 
morning in outdoor applications. A rough estimation based on light soaking time 
based on 8 minutes under indoor AM1.5G illumination would imply at least 1 
hour of outdoor light-soaking every morning (see Figure 1.13 in section 1.5.2). In 
other words, for an average 8 hours of daily sunlight, the first few hours of 
energy conversion every morning will be lost, despite its long device lifetime. 
Thus, it is important to address this issue by significantly reducing the required 
light-soaking time. In section 4.4 of Chapter 4, it was shown that F-TiOx could 
significantly reduce the light soaking time by more than ten-fold for inverted 
P3HT:PC61BM device compared to conventional sol-gel TiOx. Hence, 
P3HT:PC61BM device with sol-gel TiOx and F-TiOx electron transport layer was 
used as a control device to compare with PTB-7:PC71BM device in this chapter, 
as shown in Figure 5.10. The light-soaking times (soak, time required to reach 95% 
of maximum efficiency) for various devices is tabulated in the figure inset. By 
employing F-TiOx as the electron transport layer, the light soaking time is 
drastically reduced regardless of the photoactive material used. From the results 
in Figure 5.10, the capability of F-TiOx to reduce the light-soaking time is 
consistent across different polymer donors. Despite the difference in photoactive 
layer used, the presence of fluorine in TiOx matrix would still decrease the 
material work function and increase its overall carrier concentration, accelerating 




Figure 5.10 Light-soaking effect on the efficiency of fresh devices with sol-gel TiOx 
or F-TiOx layer for P3HT:PC61BM and PTB-7:PC71BM devices upon AM 1.5G 
illumination in N2 atmosphere. The symbols represent experimental data while the 
solid lines are fitted function (see details at Table S1 in Supporting Information). 
The embedded table shows the summary of the resulting light soaking time (soak) of 
each device. 
Apart from these effects from the ITO/F-TiOx interface, the F-TiOx/organic 
interface could also contribute significantly to the reduction in the light soaking 
time. From Figure 4.11 in section 4.3.4, we have seen that F-TiOx is significantly 
rougher than sol-gel TiOx. As a result, the higher roughness of the film is 
possibly another factor contributing to the significant reduction of light soaking 
time. When there are more interactions between F-TiOx and PTB-7:PC71BM, 
electrons from the photoactive layer could contribute to the trap-filling of the 
metal oxide. It would result in a faster trap filling action compared to sol-gel TiOx 
in addition to the UV-excited electrons from the light-soaking treatment. Thus, 





A systematic degradation study to investigate the air stability, photo-
stability in inert atmosphere and photo-stability in air of PTB-7:PC71BM based 
inverted organic solar cells with F-TiOx as electron transport layer was conducted. 
The inverted device was proven to be stable when stored in dark and ambient 
condition compared to conventional device, largely due to the protection of 
photoactive layer by PEDOT:PSS and the high work function metal. However, 
due to the easily cleavable side chains in PTB-7 polymer, the PTB-7:PC71BM 
inverted device is significantly unstable compared to P3HT:PC61BM under the 
same condition. Though the UV-filtering effect of F-TiOx could contribute to the 
better photo-stability in N2 atmosphere, the inverted device would still degrade 
over time, by means of photo-triggered chemical changes in the absence of 
oxygen. When the device is exposed to light in air, the inverted structure 
degrades significantly faster compared to the conventional device. The 
photooxidation effect from the direct exposure of PEDOT:PSS to air and the 
rearrangement of oxygen in F-TiOx layer upon illumination in the inverted device 
may be the cause of the greater instability. Lastly, F-TiOx was also shown to be 
having consistent performance in significantly reducing the light-soaking time of 
PTB-7:PC71BM based device, as it has been previously shown to perform 
likewise in P3HT:PC61BM based device. The significantly rougher F-TiOx film 
compared to sol-gel TiOx could enable electron to be transported from the 
photoactive layer to the F-TiOx, thus contributing to the reduction of light 
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Chapter 6 Stable and light-soaking free solution processed small 
molecule inverted organic solar cells  
6.1 Introduction 
In the previous chapters, we have seen that PEDOT:PSS:CFS-31 and F-
TiOx can provide a beneficial enhancement to the device efficiency and light-
soaking characteristics for polymer donor (P3HT and PTB-7) based inverted 
organic solar cells (IOSC). With the ever-growing popularity in the use of small 
molecules as donor material in organic solar cells (SMOSC), it is thus important 
to evaluate if the novel ETL and HTL materials presented in the earlier chapters 
can be applied in SMOSC. Thus, in this chapter, 2,5-di(2-ethylhexyl)-3,6-bis-(5”-
n-hexyl-[2,2’,5’,2”]terthiophen-5-yl)-pyrrolo[3,4-c]pyrrole-1,4-dione 
(SMDPPEH) donor and PC61BM acceptor based IOSC was fabricated for the first 
time, using CFS-31 modified PEDOT:PSS and F-TiOx as hole transport layer and 
electron transport layer respectively. A systematic device stability study was 
conducted by exposing the device to air in dark, light in N2 environment and light 
in ambient condition. It was found that the capability of F-TiOx ETL in light-
soaking time reduction is not diminished with the change of photoactive layer to 
SMDPPEH. The result of this work has been communicated at the time of the 
submission of this thesis. 
6.2 Experimental 
Detailed description on the materials and equipments used in this work 
were outlined in Chapter 2 of this thesis. Briefly, 80 nm of F-TiOx ETL was 
prepared using 0.1M (NH4)2TiF6 and 0.2M H3BO3 at a bath temperature of 40°C 
for 1.5 hours on the glass/ITO substrate. 80 nm of sol-gel TiOx ETL was prepared 
by coating a sol of TTIP:AA:IPA (1:0.5:10) at 2500 rpm on the ITO before being 
hydrolyzed in controlled environment for 2 hours. All TiOx films were subjected 
 156 
 
to heat treatment of 180°C (ramp rate of 1°C/min) before transferring into a N2 
filled glove box (Charslton Technologies,  1 ppm moisture and O2). 
PEDOT:PSS:CFS-31 HTL was prepared by using surfactant concentration of 3.5 
v/v% at 5000 rpm on the previously coated SMDPPEH:PC61BM film. 
P3HT:PC61BM and PTB-7:PC71BM IOSC devices fabricated using same 
interfacial layers were used as control samples to study the light-soaking effect.  
SMDPPEH:PC61BM was used as the photoactive layer in this study.  The 
blend was made in the ratio 1:1 (the concentration for both SMDPPEH and 
PC61BM were 10 mg/ml) in chlorobenzene (CB). The mixed solution was stirred 
and heated at 60°C overnight in a N2 filled glove box prior to coating.  
For conventional OSC devices, 50 nm of PEDOT:PSS was first coated onto 
the ITO at 5000 rpm for 60 minutes through a 0.45 μm cellulose filter. The 
coated samples were then transferred into a N2 filled glove box to be annealed at 
140°C for 20 minutes to remove excessive moisture. 100 nm of 
SMDPPEH:PC61BM was then spin coated onto PEDOT:PSS and the resultant 
film was then annealed on a hot plate at 100C or solvent-annealed using 
chloroform, chlorobenzene or tetrahydrofuran. Ca (30 nm) and Al metal (100 nm) 
were then sequentially evaporated under high vacuum (410-6 mbar) through a 
pre-designed shadow mask, resulting in an active device with an area of 0.09 cm2. 
The final device architecture is ITO/PEDOT:PSS (50 nm)/ SMDPPEH:PC61BM 
(100 nm)/Ca (5 nm)/Al (100 nm).  
For inverted OSC, the same thickness of SMDPPEH:PC61BM was spin 
coated onto TiOx at 850 rpm for 60 seconds and no annealing treatments were 
made prior to coating of PEDOT:PSS. 70 nm of CFS-31 modified PEDOT:PSS 
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(PEDOT:PSS:CFS-31) was then coated onto the active layer in air through a 0.45 
μm cellulose filter and annealed at 140C in N2 filled glove box. Ag metal (100 
nm) was then thermally evaporated at 410-6 mbar through a pre-designed 
shadow mask, resulting in an active device with an area of 0.09 cm2. The final 
device architecture was ITO/F-TiOx(80 nm) (or sol-gel TiOx (80 
nm))/SMDPPEH:PC61BM (100 nm)/PEDOT:PSS-CFS31 (50 nm)/Ag. All the 
fabrication steps, except coating of PEDOT:PSS, were performed inside a glove 
box of N2 atmosphere. 
Figure 6.1 shows the device architecture (conventional and inverted) and 
chemical structure of SMDPPEH. All devices, unless otherwise stated, were 
subjected to degradation without encapsulation. 
 
Figure 6.1 (a) Conventional (non-inverted) ; (b) Inverted architecture of 
SMDPPEH:PC61BM based organic solar cells fabricated in this work; (c) Chemical 
structure of SMDPPEH. 
Solvent annealing treatment was carried out by exposing the coated 
SMDPPEH:PC61BM  film to the vapor of different solvents for a up to 30 
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seconds. The substrates were held upside down by a designated cover and 
exposing the film to the solvent vapor, as shown in Figure 6.2. The different 
solvents used in the study were chloroform (CHCl3), tetrahydrofuran (THF) and 
chlorobenzene (CB) based on their different vapor pressures and solubility to 
DPP molecules and fullerene.[1]  
 
Figure 6.2 Experimental setup for solvent-vapor annealing treatments of 
SMDPPEH:PC61BM coated samples. 
Device stability studies were carried out in various conditions: (1) 
Exposure to air in dark (25ºC, relative humidity 55%, ISOS-D-1 shelf scheme, 
see section 4.4.2); (2) Exposure to AM1.5G illumination in N2 filled glove box 
and; (3) Continuous illumination by solar simulator light source in ambient 
condition. The light-soaking treatment was done using the same lamp source, 
where the devices were continuously illuminated and data were periodically 
acquired. Detailed illustrations of different degradation schemes are shown in 
Figure 5.3 in Chapter 5. 
6.3 Optimization studies for conventional architecture 
Before starting the investigation on the SMDPPEH:PC61BM inverted 
device, it is important to first establish an optimal processing condition for the 
conventional architecture. SMDPPEH:PC61BM based OSC is normally prepared 
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by dissolving the blend in chloroform (5-20 mg/ml) [2-6] or chlorobenzene (10 
mg/ml) [7-9], with both giving good solubility to the organic blend. Device 
efficiencies ranging from 2.8% to 3.0% can be achieved using both solvents [3, 7, 
8]. In this work, chlorobenzene was chosen as the solvent, based on two reasons. 
Firstly, chlorobenzene (131°C) has a higher boiling point than chloroform (61°C). 
Film coated with a higher boiling point solvent has a process that is easier to 
control due to its longer film drying time. Secondly, a slower film drying time 
could enable the formation of a more optimal molecular re-organization in the 
photoactive layer compared to a rapid film drying from a low boiling point 
solvent.[10] 
6.3.1 Post-deposition thermal annealing of photoactive layer 
Thermal annealing of photoactive layer is an essential step because it would 
change the degree of phase separation and the morphology in the blend. [11, 12] 
Thermal annealing would generally cause formation of crystalline domain that is 
beneficial to both charge separation and collection. Tamayo et al. have reported 
that the efficiency increases from 2.2% to 2.9% by heating the device at 100°C 
for 5 minutes.[2] With this in mind, the completed device was subjected to post-
deposition thermal annealing (post-annealing) at 100°C for various durations in 
N2 environment. Figure 6.3 shows the fresh and post-annealed devices under 
different thermal annealing durations. Voc increases from 678 mV to 718 mV 
after 5 minutes of thermal annealing, suggesting the possibility of change in the 
crystallite size in the blend.[12] However, the Voc gradually decreases after 5 
minutes of thermal annealing, which may suggest a decrease in the effective 
bandgap of the donor-acceptor blend due to change in the nanomorphology.[13] 
While the thermal treatment does not affect the jsc, there is a notable increase in 
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the fill factor from 42% to 45%, suggesting a reduced interfacial recombination 
due to coarsening of the film morphology.[13] While the devices were annealed 
at 100°C after Ca/Al evaporation, there is only a minute enhancement of device 
efficiency (1.7% to 1.9%) throughout 15 minutes of post-annealing treatments 
(see Figure 6.3). However, this value is still far from the reported results. Hence, 
the post-thermal annealing of the active layer is not a key optimization step to 
improve the device efficiency.  
 
Figure 6.3 Summary of (a) Voc ; (b) jsc ; (c) fill factor and (d) efficiency () of post-
annealing (at 100°C) SMDPPEH:PC61BM in conventional architecture at different 
times. 
6.3.2 Solvent-vapor annealing treatment for the photoactive layer 
It was reported earlier that the solvent-vapor-annealing (SVA) treatment is 
often beneficial in helping the diketopyrrolopyrrole (DPP) molecules to form 
crystallite domains which in turn results in a well inter-connected 
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nanomorphology.[1, 14, 15] Sun et al. have recently reported that a solvent with 
high vapor pressure and medium solubility for the DPP based donor molecules is 
ideal for SVA treatments for small molecule systems.[1] This is because the 
vapor pressure of the solvents can selectively improve the molecular packing 
structure to form a homogeneous distribution of donor and acceptor. Following 
this, we have designed the experiment for SVA treatment as follows: three 
commonly used solvents, chlorobenzene (CB), tetrahydrofuran (THF) and 
chloroform (CHCl3) were selected and the SMDPPEH:PC61BM blend films were 
exposed to various time durations  up to 30 seconds. 
Figure 6.4 shows the j-V characteristics of the device with each solvent at 
different time durations up to 30 seconds (Figure 6.4a–c) and the summary of the 
efficiencies obtained (Figure 6.4d). It is worth noting here that, lower boiling 
point solvents which provide significant efficiency enhancement in small 
molecules[15] and polymer[16] based OSC do not seem to work in the case of 
SMDPPEH:PC61BM OSC. When treated with THF and CHCl3, the device 
efficiency decreases significantly even after 10 seconds compared to the device 
without SVA treatment (Table 6.1). Unlike the other two solvents, when the 
device is treated by CB vapor (a higher boiling point solvent), its efficiency 
increases after 10 seconds. Upon further investigation, a high efficiency of 2.7% 
can be achieved in 7 seconds. The device efficiency value (2.7%) has matched 
with the typical values for non-inverted SMOSC reported in Table 1.6 in section 
1.6.2. This optimized processing condition was later used for fabricating 




Figure 6.4 j-V characteristics for conventional SMDPPEH:PC61BM OSC (after 
SVA treatment)  by (a) chlorobenzene (CB); (b) tetrahydrofuran (THF); (c) 





Table 6.1 Summary of device parameters of SMDPPEH:PC61BM based IOSC with 











[ 4.5 %] 
 
[ 0.4 %] 
max 
[%] 
No SVA 0 578 6.5 35.8 1.4 1.6 
CB 
5 682 6.7 48.7 2.2 2.8 
7 707 6.7 55.9 2.7 2.8 
10 675 5.4 45.3 1.7 1.9 
15 588 4.6 35.1 0.9 1.0 
20 627 2.4 33.4 0.5 0.7 
30 627 1.8 35.6 0.4 0.5 
THF 
10 480 4.3 31.1 0.7 1.3 
20 376 1.0 29.3 0.1 0.2 
30 475 0.9 29.9 0.1 0.2 
CHCl3 
10 578 3.1 36.9 0.7 0.7 
20 471 3.5 32.2 0.5 0.7 
30 465 3.6 32.1 0.5 0.6 
 
6.4 Device optimization studies for inverted architecture 
6.4.1 Effect of PEDOT:PSS:CFS-31 to the device performance 
The IOSC device was first optimized in the aspect of PEDOT:PSS:CFS-31 
hole transport layer (HTL). Previously when P3HT:PC61BM[17] and PTB-
7:PC71BM[18] devices were used, 5.5 v/v% of PEDOT:PSS:CFS-31 as HTL 
gave the most optimized device performance (see Chapter 3 and Chapter 5 for 
detailed studies). However, when SMDPPEH is used as the donor material, the 
previously adopted treatment becomes non-optimal. The glass-transition 
temperature and the melting point of SMDPPEH are reported to be 126°C and 
160°C respectively.[3, 5] Since the thermal annealing treatment of PEDOT:PSS 
in an IOSC also affects the underlying photoactive layer, it is mandatory to take 
extra care of the temperature used. It is of paramount importance that a balance 
must be struck between removing the moisture from PEDOT:PSS by using 
thermal annealing and to keep the temperature below the glass transition 
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temperature of SMDPPEH. Hence, a systematic study to obtain the optimal 
PEDOT:PSS annealing temperature, annealing time and concentration of CFS-31 
fluorosurfactant in SMDPPEH:PC61BM based IOSC was carried out. 
Figure 6.6a shows the summary of device efficiency when subjected to 
different PEDOT:PSS:CFS-31 annealing temperatures ranging from 25°C to 
120°C for 5 minutes in a N2 environment. Without thermal annealing (25°C), the 
moisture content in the PEDOT:PSS still remained on the film, leaving the 
photoactive layer vulnerable to the moisture attack[19], resulting in a low device 
efficiency of  0.01%. As the annealing treatment was carried out from 40°C to 
80°C, the device efficiency increases from 0.5% to 1.3% as the moisture content 
is gradually reduced. At 100°C, the small molecule based IOSC gives the most 
optimal efficiency of 1.6%. This temperature was also previously found to be 
optimal for SMDPPEH:PC61BM OSC as it induces crystallization in the blended 
films that helps in improving its device performance.[5] When the films were 
annealed above 100°C, which is close to its glass-transition temperature (126°C), 
an abrupt deterioration in the device efficiency (0.8%) was observed. Absorption 
spectra for SMDPPEH:PC61BM films annealed at 80°C, 100°C  and 120°C  are 
shown in Figure 6.5. The absorption band at 720 nm represents the highly 
ordered and strong intermolecular interaction of oligothiophene-DPP system.[3] 
A hypsochromic shift from 711 nm to 704 nm was clearly observed when the 
film was annealed at 120°C, signifying a change in the chemical structure in the 
molecule, disrupting the intermolecular interaction. Hence, 100°C was chosen as 
the optimal annealing temperature for PEDOT:PSS:CFS-31 in 




Figure 6.5 UV-vis absorption spectra of freshly prepared SMDPPEH:PC61BM 
IOSC at various annealing temperatures.  
Despite the well optimized annealing temperature of 100°C, the device 
efficiency was still lower than the commonly reported values. Hence, further 
improvement on the IOSC device performance was anticipated by varying the 
annealing time. It is noteworthy that the annealing time of a photoactive layer and 
PEDOT:PSS:CFS-31 is also crucial, not only to the degree of crystallization of 
the small molecule, but also to the degree of moisture removal from the 
PEDOT:PSS:CFS-31 film.[20] On one hand, if the small molecules were not 
allowed enough time to crystallize, the charge transport property will not reach its 
full potential. On the other hand, if the moisture removal process in 
PEDOT:PSS:CFS-31 was not given sufficient time, deterioration of the material 
would still happen and result in a sub-standard device efficiency. It is worth 
remembering here that the devices were annealed for 5 minutes previously. To 
achieve an optimal device efficiency, the annealing duration was varied from 1 
minute to 20 minutes at a constant temperature of 100°C. As the annealing 
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duration increases, a maximum device efficiency of 1.9% can indeed be achieved 
after 10 minutes (Figure 6.6b). Hence, PEDOT:PSS:CFS-31 annealing treatment 
of 100°C for 10 minutes is used as the optimized condition for fabricating 
SMDPPEH:PC61BM IOSC in subsequent studies. 
Finally, the performance of the IOSC device is further increased by varying 
the concentration of CFS-31 fluorosurfactant in PEDOT:PSS. The function of 
CFS-31 is to resolve the wettability issue of PEDOT:PSS on the hydrophobic 
photoactive layer (see section 1.5.1.1 for detailed overview). Figure 6.6c-d and 
Table 6.2 show the summary of device efficiency and the j-V characteristics of 
the IOSC when various CFS-31 concentrations were used. When no CFS-31 was 
added into PEDOT:PSS, the coating of the HTL is not possible due to large 
contact angle due to non-wettable film (see  Figure 6.6e). An absence of HTL 
would largely hamper the charge collection efficiency due to large amount of 
interfacial recombination that ultimately causes low efficiency. As the CFS-31 
concentration increases from 1 v/v% to 3 v/v%, the leakage current (as seen from 
the j-V characteristics in Figure 6.6d) gradually decreases, indicating the 
formation of a well-defined PEDOT:PSS film. At a concentration region of 3.5 
v/v% to 4 v/v%, the device is situated at its most optimal state, giving an 
efficiency enhancement from 1.9% to 2.8%. At this concentration region, the 
coated film is at its best quality, allowing a good coverage of HTL on 
SMDPPEH:PC61BM. Upon increasing the CFS-31 concentration beyond 4%, the 
device efficiency decreases gradually to 1.5%. We have therefore found that the 
optimal concentration region for CFS-31 in PEDOT:PSS for SMDPPEH:PC61BM 
has been narrowed down to 3.5 - 4.0 v/v%, as opposed to 4 - 8 v/v% (as in 
P3HT:PC61BM[17] and PTB-7:PC71BM[18] in Chapter 3 and Chapter 5). The 
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optimal region is the balance between wettability and the phase segregation of 
PEDOT and PSS.[21] The function of CFS-31 is to lower the surface energy of 
PEDOT:PSS, so that it can lie within the wetting envelop of SMDPPEH:PC61BM. 
From the significant reduction of the contact angle by only 1 v/v% of CFS-31 in 
PEDOT:PSS (Figure 6.6e), we postulate that the surface energy of 
SMDPPEH:PC61BM is larger than compared to P3HT:PC61BM and PTB-
7:PC71BM.[22] Hence, lesser amount of fluorosurfactant is suffice to have 
PEDOT:PSS lie within its wetting envelop. However, when there is an excess 
CFS-31 in PEDOT:PSS, there will be hindrance of PEDOT:PSS network by the 
surfactant molecule, causing a decrease in Voc, jsc and fill factor. Hence, in the 
optimal region of 3.5 v/v% to 4.0 v/v% CFS-31 concentration in PEDOT:PSS, a 
highest device efficiency of 2.8% was achieved, better than its non-inverted 
counterparts (=2.7%).  
 
Table 6.2 Summary of device parameters for SMDPPEH:PC61BM based IOSC 
prepared various CFS-31 concentration ratio in PEDOT:PSS. The error values 
indicate the standard deviations over at least 6 devices. The optimal region for 





[ 10 mV] 
jsc 
[ 0.3 mA/cm2] 
FF 
[ 1.7 %] 
 
[ 0.2 %] 
0 33 1.1 22.9 0.0084 
1 701 5.9 37.8 1.6 
2 760 6.6 48.1 2.4 
3 769 6.9 49.7 2.6 
3.5 754 7.8 48.0 2.8 
4 750 7.4 50.4 2.8 
5.5 730 6.9 48.6 2.5 






Figure 6.6 Device efficiencies for SMDPPEH:PC61BM IOSC at various (a) 
PEDOT:PSS annealing temperature; (b) PEDOT:PSS annealing time; (c) CFS-31 
volume ratio in PEDOT:PSS:CFS-31 with corresponding (d) j-V characteristics 
and; (e) wetting properties of 180 μL of PEDOT:PSS:CFS-31 dropped on 
SMDPPEH:PC61BM film with various CFS-31 volume ratio. The error bars were 




6.4.2 Solvent-vapor-annealing (SVA) treatment in inverted architecture  
 Solvent-vapor-annealing was carried out for the SMDPPEH:PC61BM 
blend film in inverted architecture using the optimized conditions employed for 
the conventional device architecture. Sol-gel TiOx was used as the electron 
transport layer (ETL). The same SVA treatment was carried out for the inverted 
device fabrication from 0 second to 10 seconds. However, the results show that 
the CB SVA treatment is not beneficial to device performance for inverted 
architecture (Figure 6.7). All parameters (Voc, jsc and fill factor) decreases, as 
opposed to the effect observed in conventional architecture. In fact, the small 
molecule based IOSC performs better without SVA. Table 6.3 shows that an 
efficiency of 2.9% can be obtained, prior to SVA treatment. When the devices 
were SVA treated, an observable decrease in the device efficiencies to 1.6% were 
observed. While the reason for this observation may require further investigation, 
at this juncture, we suggest that this effect may be caused by the formation of 
SVA-induced non-favorable vertical phase gradation of donor and acceptor 
phases. Generally, the vertical phase gradation in donor-acceptor blend film is 
characterized by enrichment of donor materials at the film-top interlayer interface 
(donor-rich top surface) while acceptor materials are situated at the film-bottom 
interlayer interface (acceptor-rich bottom surface).[23] It is also commonly 
agreed that IOSC devices favors donor-rich top surface and acceptor-rich bottom 
surface configuration.[24] Hence, we infer that the SVA has resulted in an 
acceptor-rich-top surface caused by the change of molecular packing during the 
treatment. Hence, future SMDPPEH:PC61BM IOSC devices will be fabricated 




Figure 6.7 j-V characteristics for SMDPPEH:PC61BM based IOSC with 
chlorobenzene as solvent at different solvent-vapour-annealing (SVA) duration 
from 0 s to 10 s; conventional OSC device (SVA treated for 7 s) was incorporated as 
a comparison. 
Table 6.3 Summary of device parameters to compare SMDPPEH:PC61BM based 
OSC in conventional (optimized) and inverted architectures with various solvent-











[ 0.7 %] 
 
[ 0.1 %] 
Non-inverted 7 707 6.7 55.9 2.7 
Inverted 
0 755 7.9 48.4 2.9 
5 662 7.4 40.8 2.0 
10 564 7.5 38.6 1.6 
 
6.4.3 Effect of F-TiOx electron transport layer on the device performance  
To make IOSC device light-soaking free, 80 nm F-TiOx was incorporated 
as the ETL. Similar to the studies observed for P3HT and PTB-7 based IOSC, F-
TiOx ETL does not cause any detrimental effects to the overall device efficiency 
in SMDPPEH:PC61BM based IOSC when compared to sol-gel TiOx (Figure 6.8a) 
A significantly improved light-soaking characteristics was also observed, which 
will be further discussed in Section 6.6. A detailed study on the thickness of the 
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ETL was also carried out. The thickness of F-TiOx was easily controlled from 50 
nm to 100 nm by varying the reaction time during the chemical bath deposition 
onto the glass/ITO substrate. The optimal thickness that provides the best device 
performance was found to be at 80 nm, which has a comparable efficiency of 3.0% 
compared to sol-gel TiOx ETL at the same thickness (Table 6.4 and Figure 6.8b). 
It is also noteworthy that, with the incorporation of F-TiOx in 
SMDPPEH:PC61BM based IOSC, the device efficiency (3.0%) is better 
compared to its non-inverted counterpart (2.7%).  
 
Figure 6.8 (a) j-V characteristics for SMDPPEH:PC61BM based IOSC with 80 nm 
of sol-gel TiOx and F-TiOx as the electron transport layer; (b) Efficiency of IOSC 




Table 6.4 Summary of device parameters comparing SMDPPEH:PC61BM based 
IOSC with 80 nm of sol-gel TiOx and F-TiOx ETL at various thickness. The error 





[ 5 mV] 
jsc 
[ 0.3 mA/cm2] 
FF 
[ 1.0 %] 
 
[ 0.1 %] 
sol-gel TiOx 80 758 7.6 50.6 2.9 
F-TiOx 
50 742 8.2 45.3 2.7 
60 755 7.9 48.4 2.9 
70 734 8.2 46.4 2.8 
80 763 8.0 48.5 3.0 
90 745 7.9 48.7 2.9 
100 749 7.0 47.9 2.5 
 
6.5 Degradation behavior  
In this section, the device stability of SMDPPEH:PC61BM with 
PEDOT:PSS:CFS-31 HTL and F-TiOx ETL will be studied in detail. To facilitate 
the study on the degradation behavior of this small molecule system, three sets of 
devices consisting of P3HT:PC61BM, PTB-7:PC71BM and SMDPPEH:PC61BM 
with F-TiOx ETL were fabricated and characterized under various conditions 
without encapsulation. The devices with polymer donor materials such as P3HT 
and PTB-7 were used as control devices. The first set of devices was exposed to 
air in dark environment (ISOS-D-1 shelf scheme [25]) to investigate its air-
induced degradation, which is in accordance to the International Summit on 
Organic Photovoltaic Stability (ISOS) D-1 shelf scheme.[25] The second set of 
devices was exposed to continuous illumination of AM1.5G light in N2-filled 
glove box, which removes the effect of air and moisture to investigate its photo-
induced degradation effects. The final set of devices was exposed to AM1.5G 




6.5.1 Air-stability  
The air-stability of the IOSC devices was investigated by storing the device 
in dark and ambient condition (25°C, relative humidity: 45%) while monitoring 
its efficiency () over time, in accordance to International Summit on Organic 
Photovoltaic Stability (ISOS) D-1 shelf scheme.[25] The device lifetime study for 
IOSC devices with F-TiOx ETL was reported in Figure 6.9 over the course of 
1500 hours. P3HT:PC61BM and PTB-7:PC71BM IOSCs were used as control 
devices. Table 6.5 also shows the summary of the device lifetime that was 
quantified from the T80 line demarcated in Figure 6.9d. SMDPPEH:PC61BM 
based IOSC is more stable than PTB-7:PC71BM based device, these devices were 
able to retain 80% of its initial efficiency at 326 hours (T80); PTB-7:PC71BM 
based device has already lost 20% of its efficiency after 30 hours. This result is 
expected because PTB-7 polymer is more susceptible to the moisture attack from 
PEDOT:PSS. The high water uptake of PEDOT:PSS when exposed in air was 
shown to be detrimental to the photoactive layer.[19] The hydroxylation of PTB-
7 due to the presence of easily cleavable alkoxy (R-C-O) side chains is the source 
of poor material stability. In contrast, there is no alkoxy side chains attached to 
the molecular structure of SMDPPEH (see Figure 6.1c). Hence, the material is 
expected to be significantly more resistant to the attack of moisture. However, the 
DPP small molecule is not as stable as compared to P3HT:PC61BM based device 
(T80 = 457 hours). From the perspective of chemical structure of these two 
materials, the underlying reason is probably due to the presence of longer alkyl 
side chains (ethyl-hexyl) in the SMDPPEH molecular structure. It has been 
reported that organic materials with longer side chains are generally unstable 
when compared to materials with shorter side chains.[26] Furthermore, Jan et al. 
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have also reported that the DPP based molecule is more stable when there is short 
or no side chains attached to the molecular backbone.[27] Upon closer look to the 
device parameters, it was found that the source of degradation is dominated by 
the decrease of Voc (Figure 6.9a). Since the presence of side chains is also 
responsible to adjust the position of HOMO and LUMO of an organic 
semiconductor [28], the degradation that took place in the long ethyl-hexyl side 
chain may have altered the energy levels of the material. This modification would 
change the energy alignment, causing a gradual decrease in the Voc after 500 
hours. This effect was not observed in P3HT based device, which further 
confirms our argument.  
 
Figure 6.9 Normalized (a) Voc; (b) jsc; (c) fill factor and (d) efficiency for inverted 
SMDPPEH:PC61BM (), P3HT:PC61BM () and PTB7:PC71BM () under 
exposure to ambient condition in dark. The dotted horizontal line in (d) marks the 
lifetime (T80) of each device. The lines in (d) represents the fitted degradation 
profile according to experimental data. The error bars are the standard deviation 
obtained from at least 6 devices, which were calculated based on the initial value of 
the device parameters. 
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6.5.2 Photochemical stability in N2 atmosphere 
As the light absorption by the chromophores of aromatic compounds can 
trigger various chemical changes such as photo-Fries rearrangement and Norrish 
reaction[29-33], it is useful to understand to photo-chemical behavior of 
SMDPPEH molecules in IOSC device. The photo-induced degradation effect of 
the material was investigated by exposing the devices under continuous 
illumination in N2 filled glove box (oxygen and moisture < 1 ppm). The j-V 
characteristics were acquired in-situ during the illumination. Figure 6.10 shows 
the photochemical stability of SMDPPEH:PC61BM, P3HT:PC61BM and 
PTB7:PC71BM IOSC in an N2 atmosphere. The device efficiency gradually 
increases upon illumination to its maximum value after approximately 1 minute. 
It is interesting to note that the device efficiency of SMDPPEH:PC61BM 
decreases with illumination. Upon close examination on the device parameters, it 
was found that the small molecule degrade in a different manner compared to 
other materials. Generally, the degradation of organic solar cell is triggered by a 
change in the short-circuit current density (jsc).[19, 34] However, for SMDPPEH, 
the decrease in device performance is predominantly triggered by a decrease in 
open-circuit voltage (Voc) (and with a minute decline in fill factor). The relatively 
constant jsc throughout the illumination suggests that the donor-acceptor blend 
has neither charge generation loss nor morphological degradation.[34-36] This 
initial voltage loss could be originated from the photochemical reaction that 
causes the formation of trap states in the photoactive layer.[37] We believe that 
similar effect may have taken place in the SMDPPEH molecules as it was being 
illuminated. As a result, the small molecule was found to be the most stable under 
illumination in N2 environment among all the photoactive materials used in this 
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study. From Table 6.5 and Figure 6.10d, the estimated T80 lifetimes of 
SMDPPEH:PC61BM, P3HT:PC61BM and PTB-7:PC71BM are 437 minutes, 245 
minutes and 84 minutes respectively. 
 
Figure 6.10 Normalized (a) open-circuit voltage; (b) short-circuit current density; (c) 
fill factor and (d) efficiency for inverted SMDPPEH:PC61BM (), P3HT:PC61BM 
() and PTB7:PC71BM () under illumination in N2 filled environment. The dotted 
horizontal line in (d) marks the lifetime (T80) of each device. The black line in (d) 
represents the fitted degradation profile according to experimental data. The error 
bars are the standard deviation obtained from at least 6 devices, which were 
calculated based on the initial value of the device parameters. 
6.5.3 Photochemical stability in air 
When freshly prepared IOSC devices were subjected to degradation under 
light in air, the device performance is generally expected to reduce more rapidly 
than the isolated testing because it is a combination of both air-induced and light-
induced degradation process (see section 5.4). However, the SMDPPEH:PC61BM 
based IOSC is not only stable, but its device efficiency also increases after an 
initial exposure (see Figure 6.11). The device efficiency, as observed in Figure 
6.11d, increases when the device was illuminated in the first 20 minutes. This 
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phenomenon was not observed in P3HT:PC61BM and PTB-7:PC71BM based 
device, where a continual decrease of performance was observed. The increased 
efficiency was triggered by an increase in Voc and jsc after the exposure to light in 
air. Hörmann et al. have previously reported that in SMOSC, the morphology of 
donor and acceptor materials is a more dominant factor for change in device Voc 
compared to its effective energy gap.[38] The mutual orientation of donor and 
acceptor molecules can largely influence the Voc of the device due to orientation-
dependent electronic coupling at the donor-acceptor interface. Vandewal et al. 
have also reported that by proper control of interfacial area between donor and 
acceptor in a SMOSC, the device Voc can be affected to change in charge carrier 
lifetime.[39] Therefore, we also associate the increase in Voc of 
SMDPPEH:PC61BM device to morphological influence induced by light in air. 
The change in jsc can be associated to the chemical[40, 41] and morphological[34, 
36, 42] changes in the photoactive layer, as reported elsewhere. However, the 
absorption spectra show no changes in the chromophore of the small molecule 
before and after degradation (Figure 6.12b). Thus, the factor of influence of jsc 
due to the chemical change in photoactive layer can be ruled out. We therefore 
postulate that the initial increase in device jsc is caused by the change in small 
molecule morphology due to illumination in air. The photo-induced alteration of 
morphology and vertical phase separation may become favorable to the inverted 
architecture. Therefore, we believe that the DPP based small molecules undergo 
photochemical induced morphological changes that results in a favorable 




Figure 6.11 Normalized (a) open-circuit voltage; (b) short-circuit current density; (c) 
fill factor and (d) efficiency for inverted SMDPPEH:PC61BM (), P3HT:PC61BM 
() and PTB7:PC71BM () under illumination in air. The dotted horizontal line in 
(d) marks the lifetime (T80) of each device. The black line in (d) represents the fitted 
degradation profile according to experimental data. The error bars are the 
standard deviation obtained from at least 6 devices, which were calculated based on 
the initial value of the device parameters. 





Light in N2 
(min) 
Light in air 
(min) 
P3HT:PC61BM 457 245 97 
PTB-7:PC71BM 30 84 3 
SMDPPEH:PC61BM 326 437
(b) 110(b) 
(a) Time taken for device to degrade to 80% of its initial value 
















where A1, A2 and t0 are fitting parameters. 
 
After the performance increase in the first 20 minutes, the device continues 
to degrade due to chemical changes that occur in the material. Raman spectrum 
for the fresh and degraded (> 2 hours) SMDPPEH:PC61BM films were acquired. 
Figure 6.12a shows that after SMDPPEH is exposed to light in air, the Raman 
 179 
 
intensities of the DPP conjugated C=C mode around 1420-1440 cm-1 
decreases.[43] Furthermore, the intensities of C=C antisymmetric stretching 
(~1515 cm-1) and symmetric stretching (~1460 cm-1) modes of thiophene [44] 
also decreases after the exposure. This phenomenon suggests the degradation of 
the small molecule occurs at these sites, causing a continual decline in its device 
efficiency. Unlike PTB-7 (see Figure 5.8b in Chapter 5), there is no 
hypsochromic shift in the chromophore of the small molecules; this observation 
generally indicates the superior stability of the chemical structure in air and light. 
This observation is attributed mainly due to the absence of harmful side chains 
such as alkoxy groups. Overall, SMDPPEH has a similar lifetime compared to 
P3HT:PC61BM device, as seen in Table 6.5. 
 
Figure 6.12 (a) Raman spectra for fresh and degraded (illuminated in air for 2 
hours) SMDPPEH:PC61BM films in air; (b) UV-vis absorption spectra of freshly 




6.6 Light-soaking characteristics 
To test the capability of F-TiOx to be used in a wide range of photoactive 
layers in organic solar cells to reduce the light-soaking time, the light-soaking 
characteristics of SMDPPEH:PC61BM based IOSC device with sol-gel TiOx and 
F-TiOx as ETL were investigated, together comparing with P3HT:PC61BM and 
PTB-7:PC71BM based IOSC devices. The results in Figure 6.13 shows that 
regardless of the photoactive layer used, the IOSCs with F-TiOx as ETL have a 
significant decrease in light soaking time from at least 5 minutes down to 1 
minute (see Table 6.6). We have therefore shown that the F-TiOx is capable to be 
used as a universal material to fabricate a light-soaking free IOSC device using 
wide range of materials other than P3HT such as low bandgap polymers and 
small molecules donor materials.  
 
Figure 6.13 Light-soaking characteristics of P3HT:PC61BM, PTB-7:PC71BM and 





Table 6.6 Summary of light-soaking time (soak) of P3HT:PC61BM, PTB-7:PC71BM 




sol-gel TiOx F-TiOx 
P3HT:PC61BM 434 34 
PTB-7:PC71BM 326 56 
SMDPPEH:PC61BM 491 57 
(a) Light-soaking time: time required to reach 95% of maximum 
efficiency. 
 
6.7 Conclusions  
Solution-processed small molecule based organic solar cells (SMOSC) 
based on SMDPPEH:PC61BM was fabricated in inverted architecture for the first 
time. Systematic studies in incorporating modified transport layers: 
PEDOT:PSS:CFS-31 and fluorinated TiOx (F-TiOx) into the new material system 
based inverted organic solar cells (IOSC) were carried out. We have identified 
that the solvent-vapor annealing treatment is beneficial to the conventional 
architecture, but not for the inverted architecture because of the favorable vertical 
phase gradation. After incorporation of the transport layers, the best efficiency of 
3.0% was obtained for SMDPPEH:PC61BM in inverted architecture for the first 
time. While comparing with other polymer donor systems, a detailed 
investigation on the device lifetime was carried out. It was found that SMDPPEH 
has a similar material stability compared to P3HT, suggesting a potential to 
develop this material further for high-efficiency OSC devices. Lastly, we have 
also shown that the F-TiOx electron transport layer can be used universally to 
fabricate a light-soaking free IOSC with a wide range of photoactive material 
including polymer, low band-gap polymer and small molecule systems.  
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Chapter 7 Conclusion and future works 
7.1 General conclusions 
The objective of this work was to overcome the two serious issues that are 
often encountered while fabricating inverted organic solar cells (IOSC): 
wettability issue and light-soaking issue. These issues arise from the respective 
transport layers. The hydrophilic PEDOT:PSS hole transport layer cannot be 
directly coated onto the hydrophobic P3HT:PC61BM photoactive layer. 
Conventional TiOx electron transport layer, filled with defective trap states, is the 
cause of light-soaking issue in the device. Therefore, the strategy of transport 
layer modification was adopted, forming the Chapter 3 and Chapter 4 in this 
thesis. After these modifications were made, it is important to test these modified 
layers in a range of photoactive materials and evaluate its device performance 
and stability. This led to the study of degradation behavior and light-soaking 
characteristics in low bandgap polymer and small molecule systems, forming 
Chapter 5 and Chapter 6 in this thesis.  
In Chapter 3, a new type of non-ionic fluorosurfactant: Capstone® 
Dupont™ FS-31 was proposed as an additive of PEDOT:PSS hole transport layer 
for IOSC fabrication for the first time. This study was conducted with 
P3HT:PC61BM in IOSC with CFS-31 modified PEDOT:PSS hole transport layer. 
The modified PEDOT:PSS provided the following attributes: (1) improved 
device efficiency from 2.1% to 3.1% compared to conventional additives; (2) 
provided uniform coating of PEDOT:PSS onto P3HT:PC61BM without any 
additional additives and surface treatments; (3) provided invariant optimal 
thickness of TiOx electron transport layers; and (4) realized a stable device 
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lifetime which could maintain 80% of its initial efficiency for 400 hours in 
ambient atmosphere without encapsulation. 
In Chapter 4, chemical bath deposited fluorinated titanium oxide (F-TiOx) 
electron transport layer was used to address the light-soaking issue in IOSC for 
the first time. This study was conducted by comparing the light-soaking 
characteristics of P3HT:PC61BM based IOSC using conventional sol-gel TiOx 
and F-TiOx as electron transport layer. Studies on the chemical composition, 
morphology and band structures have shown that the presence of fluorine in TiOx 
seems to reduce the trap state density in the ETL by partially filling the states 
prior to light-soaking. The resultant effect greatly shortens the time required for 
trap filling when the device is illuminated. Without affecting the device 
efficiency, the light-soaking time was reduced by more than 13 times (from 450 s 
to 35 s) compared to conventional sol-gel coated TiOx as electron transport layer. 
This result has paved a way towards realization of an air-stable, efficient and 
solution-processable IOSC. 
In Chapter 5, an investigation of the device stability and light-soaking 
characteristics of low band-gap polymer based photoactive layer IOSC with the 
modified transport layers (CFS-31 modified PEDOT:PSS and F-TiOx) was 
carried out for the first time. This study was conducted with PTB-7:PC71BM 
IOSC as the representative material for benzodithiophene-thienothiophene based 
low bandgap polymers. An investigation of the air-stability, photo-stability in 
inert atmosphere, photo-stability in ambient conditions and light-soaking 
characteristics separately without device encapsulation was carried out. The 
inverted device was proven to be stable when stored in dark and ambient 
condition (over 1500 hours) compared to conventional device, largely due to the 
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protection of photoactive layer by PEDOT:PSS and the high work function silver 
metal. However, due to the long and easily cleavable alkoxy side chains in PTB-7 
backbone, PTB-7:PC71BM based IOSC is highly susceptible to oxygen and 
moisture when compared to P3HT:PC61BM based device. With F-TiOx ETL, the 
device exhibited a considerably short light-soaking time (5 times faster compared 
to sol-gel TiOx), demonstrating its consistency in benzodithiophene-
thienothiophene based low bandgap polymer materials.  
In Chapter 6, an investigation of the device stability and light-soaking 
characteristics of small molecule based IOSC with the modified transport layers 
(CFS-31 modified PEDOT:PSS and F-TiOx) was carried out for the first time. 
This study was conducted with SMDPPEH:PC61BM IOSC as the representative 
material for diketopyrrolopyrrole small molecules. An investigation of the air-
stability, photo-stability in inert atmosphere, photo-stability in ambient conditions 
and light-soaking characteristics separately without device encapsulation was 
carried out. The best efficiency of 3.0% was obtained for the first time using this 
material system. While comparing with other polymer donor systems, a detailed 
investigation of these properties was carried out. SMDPPEH was found to be 
fairly stable compared to P3HT. Additionaly, F-TiOx electron transport layer was 
still robust in providing a light-soaking free diketopyrrolopyrrole small molecule 
IOSC. This result clearly suggests the versatility and the reliability of these 
transport layer modifications. 
In conclusion, the objectives of this work were fully addressed. A solution-
processable, light-soaking free and versatile inverted organic solar cells based on 
modified transport layers was successfully fabricated and thoroughly tested. This 
new device design holds potential to be incorporated into both polymer and small 
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molecule systems, which makes it easily adopted in future high-efficiency 
materials. This new device design is believed to open up a door of possibility in 




7.2 Future works 
Though extensive works have been conducted to fulfill the objectives in 
this work, there are still a considerable amount of future works that can be carried 
out to understand the established knowledge in greater depth.  
In the work on PEDOT:PSS:CFS-31 hole transport layer, a more in-depth 
understanding on the cause of enhancement of wettability through an extended 
perspective can still be done. Till date, it is still unclear how the CFS-31 
fluorosurfactant energetically influences the device. Hence, a study on how the 
energetic band structure can be modified through the addition of fluorosurfactant 
could be carried out by techniques such as ultraviolet photoelectron spectroscopy 
(UPS). In addition, various in-depth analysis of the device stability by analyzing 
the device stability under controlled environments in a climate chamber condition 
for both encapsulated and non-encapsulated cells may also be done in the future. 
In the production scale, use of CFS-31 modified PEDOT:PSS in roll-to-roll 
manufacturing of inverted organic solar cells can also be implemented, so as to 
assess its coating quality on larger substrates. 
F-TiOx electron transport layer in inverted organic solar cell is still a 
relatively new material. As a result, there still lies a lot of in-depth understanding 
in a few aspects which can only be carried out as future works. The effect of film 
crystallinity (which can be achieved by deposition at > 50°C) can be carried out. 
The contribution of carrier mobility in the device with F-TiOx can also be studied 
using transient techniques such as Photo-CELIV. Throughout the work, it was 
energetically deduced that the fluorine has reduced the amount of trap states in 
TiOx, but a deeper understanding can be obtained if the ultraviolet photoelectron 
spectroscopy can be acquired in-situ during light-soaking. It is also noteworthy 
 192 
 
that all light-soaking studies were done with AM1.5G solar simulator. However, 
to truly evaluate its light-soaking free characteristics, the modified device has to 
be challenged under the outdoor sun, with dynamic light intensity and spectrum 
changes.  
In the small molecule based IOSC device, it was found that thermal 
annealing is beneficial to the inverted architecture but not conventional one. 
However, solvent-vapor annealing was found to be beneficial to conventional 
device by but not in inverted architecture. It is thus interesting to find out the 
reason by investigating the donor-acceptor phase configuration by secondary ion 
mass spectroscopy (SIMS) in both devices before and after these treatments for a 
deeper understanding.  
Finally, though the modified IOSC devices were tested with PTB-7 low 
bandgap polymer and SMDPPEH small molecule, a further venture into several 
other high-efficiency photoactive materials such as benzodiathiazole based 
polymers and small molecules can also be carried out. A change of acceptor 
materials to non-fullerene based acceptors could also be tried to further test the 
reliability of the modified PEDOT:PSS and F-TiOx transport layers in inverted 
organic solar cells. 
7.3 Contributions by co-authors in publications 
All the experimental and analyses were done by the author originally in this 
thesis, except for the following: 
 In Chapter 3, the analysis on the charge transport effect of CFS-31 
fluorosurfactant in PEDOT:PSS via the combination of absorption spectrum, 
photoluminescence and external quantum efficiency in Figure 3.6 was made 
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carried out with the help and guidance from the co-author Dr. 
Ananthanarayanan Krishnamoorthy. 
 In Chapter 4, the design of experimental setup to measure the UV 
photoconductivity of TiOx, and the analysis of results leading to trap-filling 
action as shown in Figure 4.22 were carried out in collaboration with the co-
authors Mr. Set Ying Ting and Dr. Ananthanarayanan Krishnamoorthy. 
 In Chapter 5, the analysis of Raman spectra on the fresh and degraded PTB-
7:PC71BM film, and the proposal of possible degradation pathways of the 
chemical structure in Figure 5.8 was carried out with the help and guidance 
from the co-author Dr. Ananthanarayanan Krishnamoorthy.  
 
